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            Eur. J. Biochem. 145,163-171 (1984) 0 FEBS 1984 Suppression of kinetic cooperativity of hexokinase D (glucokinase) by competitive inhibitors A slow transition model Maria Luz CARDENAS, Eliana RABAJILLE, and Hermann NIEMEYER Departamento de Biologia, Facultad de Ciencias Basicas y Farmaceuticas, Universidad de Chile, Santiago (Received April 5/July 2, 1984) - EJB 84 0353 Hexokinase D (‘glucokinase’) displays positive cooperativity with mannose with the same h values (1.5 - 1.6) as with glucose but with higher values (8 mM at pH 8.0 and 12 mM at pH 7.5). In contrast, fructose and 2-deoxyglucose exhibit Michaelian kinetics [Cardenas, M. L., Rabajille, E., and Niemeyer, H. (1979) Arch. Bid. Med. Exp. 12, 571 - 580; Cardenas, M. L., Rabajille, E., and Niemeyer, H. (1984) Biochem. J. 222, 363 - 3701. Mannose, fructose, 2-deoxyglucose and N-acetylglucosamine acted as competitive inhibitors of glucose phosphorylation and decreased the cooperativity with glucose. Their relative efficiency for reducing the value of h to 1 .O was: fructose > mannose > 2-deoxyglucose > N-acetylglucosamine. Galactose, which is not a substrate nor an inhibitor, was unable to change the cooperativity. The competitive inhibition of glucose phosphorylation by N-acetylglucosamine or mannose was cooperative at very low glucose concentrations (< 0.5 suggesting the interaction of the inhibitors with more than one enzyme form. These and previously reported results are discussed on the basis of a slow transition model, which assumes that hexokinase D exists mainly in one conformation state (E,) in the absence of ligands and that the binding of glucose (or mannose) induces a conformational transition to E1,. This new conformation would have a higher affinity for the sugar substrates and a higher catalytic activity than E,. Cooperativity would emerge from shifts of the steady-state distribution between the two enzyme forms as the sugar concentration increase. The inhibitors would suppress cooperativity with glucose by inducing or trapping the EII conformation. In addition, the model postulates that the different kinetic behaviour of hexokinase D with the different sugar substrates, cooperative with glucose and mannose and Michaelian with 2-deoxyglucose and fructose, is the consequence of differences in the velocities of the con- formational transitions induced by the sugar substrates. ‘Glucokinase’ (ATP : D-glucose 6-phosphotransferase) is one of four hexokinase isoenzymes in rat liver and it is also named hexokinase D [l, 21 or hexokinase IV [3]. However, in view of its substrate specificity in relation to the other animal hexokinases either of these latter names, within the classifica- tion EC 2.7.1.1, would be more appropriate 141. For this reason we shall use the name of hexokinase D in this report. The enzyme displays a sigmoidal saturation function for glucose with a Hill coefficient of 1.5 - 1.6 and a half-saturation concentration of about 7.5 mM at pH 7.5 [5 - 71. This cooper- ative behaviour accords well with the presumed function of the enzyme [8] and has also been observed in isolated hepatocytes [9]. The molecular interpretation of hexokinase D cooperativity poses some problems, as it is a monomeric pro- tein with only one active site [lo- 131 to which classical equilibrium models of cooperativity [14, 151 cannot be applied. As the cooperativity must be purely kinetic in origin steady-state models have been proposed 116-191. In an attempt to have a better understanding of the molecular mechanisms responsible for the kinetic cooperativity of hexokinase D, we studied the kinetic behaviour with different sugar substrates and the effect of competitive inhibitors on the cooperativity with glucose. The first results appeared very promising as the kinetics with 2-deoxyglucose was Michaelian and N-acetylglucosamine decreased the cooperativity with glucose [17]. In this report we present a detailed study on the phosphorylation of mannose and on the effects of mannose, 2-deoxyglucose and N-acetylglucosamine, as competitive in- hibitors of the reaction with glucose. We discuss our results with a slow transition model that considers an ordered binding of substrates and which apparently gives account of the known experimental facts. MATERIALS AND METHODS Materials Substrates, inhibitors, coenzymes, auxiliary enzymes and DEAE-cellulose were products from Sigma Chemical Co. (St. Louis, MO, USA). Other materials were as in Cardenas et al. [ll]. A portion of this work is taken from a thesis submitted by M. L. C. to the University of Chile in partial fulfilment of the requirements for a Degree of Doctor of Philosophy [20]. Abbreviations. substrate concentration for half-maximal activity; h, Hill coefficient. Enzymes. Glucokinase or hexokinase D (EC 2.7.1.2); glucose-6- phosphate dehydrogenase (EC 1.1.1.49); phosphoglucose isomerase (EC 5.3.1.9); phosphomannose isomerase (EC 5.3.1.8). Enzyme preparation Hexokinase D was purified from the liver of well fed rats by a procedure previously described [l 11, which involves successive use of DEAE-cellulose, Sephadex G-100 or G-150 and Sepharose-N-(6-aminohexanoyl)-2-amino-2-deoxy-~- glucopyranose (affinity column). Most of the experiments 
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Eur. J. Biochem. 145,163-171 (1984) 0 FEBS 1984
 Suppression of kinetic cooperativity of hexokinase D (glucokinase) by competitive inhibitors A slow transition model
 Maria Luz CARDENAS, Eliana RABAJILLE, and Hermann NIEMEYER Departamento de Biologia, Facultad de Ciencias Basicas y Farmaceuticas, Universidad de Chile, Santiago
 (Received April 5/July 2, 1984) - EJB 84 0353
 Hexokinase D (‘glucokinase’) displays positive cooperativity with mannose with the same h values (1.5 - 1.6) as with glucose but with higher values (8 mM at pH 8.0 and 12 mM at pH 7.5). In contrast, fructose and 2-deoxyglucose exhibit Michaelian kinetics [Cardenas, M. L., Rabajille, E., and Niemeyer, H. (1979) Arch. Bid. Med. Exp. 12, 571 - 580; Cardenas, M. L., Rabajille, E., and Niemeyer, H. (1984) Biochem. J. 222, 363 - 3701. Mannose, fructose, 2-deoxyglucose and N-acetylglucosamine acted as competitive inhibitors of glucose phosphorylation and decreased the cooperativity with glucose. Their relative efficiency for reducing the value of h to 1 .O was: fructose > mannose > 2-deoxyglucose > N-acetylglucosamine. Galactose, which is not a substrate nor an inhibitor, was unable to change the cooperativity. The competitive inhibition of glucose phosphorylation by N-acetylglucosamine or mannose was cooperative at very low glucose concentrations (< 0.5 suggesting the interaction of the inhibitors with more than one enzyme form. These and previously reported results are discussed on the basis of a slow transition model, which assumes that hexokinase D exists mainly in one conformation state (E,) in the absence of ligands and that the binding of glucose (or mannose) induces a conformational transition to E1,. This new conformation would have a higher affinity for the sugar substrates and a higher catalytic activity than E,. Cooperativity would emerge from shifts of the steady-state distribution between the two enzyme forms as the sugar concentration increase. The inhibitors would suppress cooperativity with glucose by inducing or trapping the EII conformation. In addition, the model postulates that the different kinetic behaviour of hexokinase D with the different sugar substrates, cooperative with glucose and mannose and Michaelian with 2-deoxyglucose and fructose, is the consequence of differences in the velocities of the con- formational transitions induced by the sugar substrates.
 ‘Glucokinase’ (ATP : D-glucose 6-phosphotransferase) is one of four hexokinase isoenzymes in rat liver and it is also named hexokinase D [l , 21 or hexokinase IV [3]. However, in view of its substrate specificity in relation to the other animal hexokinases either of these latter names, within the classifica- tion EC 2.7.1.1, would be more appropriate 141. For this reason we shall use the name of hexokinase D in this report.
 The enzyme displays a sigmoidal saturation function for glucose with a Hill coefficient of 1.5 - 1.6 and a half-saturation concentration of about 7.5 mM at pH 7.5 [5 - 71. This cooper- ative behaviour accords well with the presumed function of the enzyme [8] and has also been observed in isolated hepatocytes [9]. The molecular interpretation of hexokinase D cooperativity poses some problems, as it is a monomeric pro- tein with only one active site [lo- 131 to which classical equilibrium models of cooperativity [14, 151 cannot be applied. As the cooperativity must be purely kinetic in origin steady-state models have been proposed 116-191. In an attempt to have a better understanding of the molecular mechanisms responsible for the kinetic cooperativity of
 hexokinase D, we studied the kinetic behaviour with different sugar substrates and the effect of competitive inhibitors on the cooperativity with glucose. The first results appeared very promising as the kinetics with 2-deoxyglucose was Michaelian and N-acetylglucosamine decreased the cooperativity with glucose [17]. In this report we present a detailed study on the phosphorylation of mannose and on the effects of mannose, 2-deoxyglucose and N-acetylglucosamine, as competitive in- hibitors of the reaction with glucose. We discuss our results with a slow transition model that considers an ordered binding of substrates and which apparently gives account of the known experimental facts.
 MATERIALS AND METHODS
 Materials
 Substrates, inhibitors, coenzymes, auxiliary enzymes and DEAE-cellulose were products from Sigma Chemical Co. (St. Louis, MO, USA). Other materials were as in Cardenas et al. [ll].
 A portion of this work is taken from a thesis submitted by M. L. C. to the University of Chile in partial fulfilment of the requirements for a Degree of Doctor of Philosophy [20].
 Abbreviations. substrate concentration for half-maximal activity; h, Hill coefficient.
 Enzymes. Glucokinase or hexokinase D (EC 2.7.1.2); glucose-6- phosphate dehydrogenase (EC 1.1.1.49); phosphoglucose isomerase (EC 5.3.1.9); phosphomannose isomerase (EC 5.3.1.8).
 Enzyme preparation
 Hexokinase D was purified from the liver of well fed rats by a procedure previously described [l 11, which involves successive use of DEAE-cellulose, Sephadex G-100 or G-150 and Sepharose-N-(6-aminohexanoyl)-2-amino-2-deoxy-~- glucopyranose (affinity column). Most of the experiments
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 were done with enzyme at the Sephadex step (spec. act. 3 - 6 units/mg protein), which is free of any other hexokinase activi- ty. For practical considerations a partially purified enzyme was preferred instead of the homogeneous enzyme, as comparison between samples of enzymes with different degree of purification gave the same kinetic parameters and only differed in specific activity.
 Enzyme assay
 The reaction kinetics was monitored by spectrophotom- etry at 340 nm [ll] . The reaction mixture contained (final concentrations) in a total volume of 0.5 ml: 80 mM Tris/HCl pH 8.0 or 7.5; 100 mM KCl; 6 mM MgC12; 0.1 mM EDTA; 2.5 mM dithiothreitol; 5 mM ATP; 0.5 mM NADP and vari- able amounts of hexokinase D. When glucose was the sub- strate, 0.6 - 1 .O unit/ml glucose-6-phosphate dehydrogenase was added. In the assay with mannose as substrate, 8 units/ ml phosphomannose isomerase, 4.6 units/ml phosphoglucose isomerase and 1.4 units/ml glucose-6-phosphate dehydro- genase were present. The concentrations of Mg2+ used ensured that the MgATP2- concentration would be a high and nearly constant proportion (86%) of the total ATP con- centration [21]. The hexokinase D concentration was not always the same for a given set of rate measurements but was varied to ensure accurate velocity determinations. The reaction velocity was always proportional to the enzyme con- centration thus it was easy to normalize the rate measure- ments. The system was preincubated at 30°C for 5 min prior to starting the reaction by the addition of the sugar substrate unless otherwise is indicated. Sugar concentrations, when used as substrates or inhibitors, were as indicated in legends to figures. Blanks without ATP corresponded to glucose dehy- drogenase activity of glucose 6-phosphate dehydrogenase and were performed at each glucose concentration. The absor- bance at 100 mM glucose was generally below 5% hexokinase D activity, and was negligible below 10 mM glucose. When mannose was the substrate the value of the blank without ATP was undetectable even at the highest concentrations used. When mannose was used as an inhibitor of glucose phosphorylation, the blanks with ATP but without glucose at different mannose concentrations also gave undetectable values and for periods as long as 30 min. When 2-deoxyglu- cose was used as an inhibitor of glucose phosphorylation the blanks with ATP but without glucose were undetectable during the first minutes of incubation. However, after a lag period, variable in length depending on the concentration of 2-deoxyglucose and of hexokinase D, a progressive increase of absorbance was observed due to a low but significant catalytic activity of glucose-6-phosphate dehydrogenase with 2-deoxyglucose 6-phosphate.
 This acceleration was practically undetectable in the experi- ments with relatively high glucose concentrations (Fig. 10, Table l), but it constitutes a problem for estimating the veloci- ty at low glucose concentrations, where higher amounts than usual of hexokinase D (1 0 - 100 mU/assay) are required and consequently a higher amount of 2-deoxyglucose 6-phosphate is formed. A similar acceleration was detected when fructose, but not mannose, was used as an inhibitor. These observations agree with the report that 2-deoxyglucose 6-phosphate and fructose 6-phosphate, but not mannose 6-phosphate, are sec- ondary substrates of glucose-6-phosphate dehydrogenase [22].
 One unit of enzyme activity is defined as the amount of enzyme required to catalyze the conversion of 1 pmol glucose in 1 min at 30°C in the assay conditions.
 In all cases recorder traces were straight during the periods of measurement and initial rates were found with a ruler and pencil. The kinetic parameters were obtained utilizing a computer program with h, and Y,,, varied to yield the best statistical fit of the equation v = Y , a x [ S ] h / ( K h ~ . 5 + [Slh) to the data. Similar values of h and (variation of less than 5%) were obtained from a Hill plot, in which a Y,,, value, calculated as described above, or estimated graphically was used.
 Protein determination
 Protein concentration was calculated from the absorbance at 260 nm and 280 nm by the procedure of Warburg and Christian [23].
 RESULTS
 Saturation function of hexokinase D with mannose
 Mannose is a good substrate for hexokinase D and exhibits a cooperative effect similar to that of glucose, as is shown in Fig. 1. Thus, with both substrates a non-linear Eadie-Hofstee function is obtained (concave downwards curve in inset of Fig. 1). The Hill coefficient (h) was about 1.5, i. e. the same value as obtained with glucose [5, 61. In contrast, the satura- tion functions of hexokinase D with 2-deoxyglucose [17, 241 and with fructose [4] were hyperbolic (h = 1.0). In this report the Hill coefficient and the Hill plot have been used only to measure the degree of cooperativity with no implication of mechanism. As in the case of glucose, the h value for mannose did not vary when preparations of different degree of purifica- tion (spec. act. 0.2 - 70 unit/mg protein) were used nor when a different assay procedure was used; nor did it vary after changing the pH of the assay medium from 7.5 to 8.0. The value (concentration for half-maximal velocity) was slightly higher with mannose than with glucose, being about 8 mM at pH 8.0 and about 12 mM at pH 7.5. The maximal velocity with mannose is slightly lower than with glucose (about 90%). The sigmoidal dependence of velocity on mannose con- centration with a Hill coefficient of about 1.5 is shown not only by rat hexokinase D but also by the enzyme of other animal species as hamster (Mesocricetus auratus), Chilean frog (Calyptocephalella caudiverbera) and Chilean turtle (Geo- chelone chilensis); this agrees with results for glucose as sub- strate IS].
 Effects of alternative substrates and N-acetylglucosamine on glucose phosphorylation
 Several alternative sugar substrates and the analogue N-acetylglucosamine have been described as competitive in- hibitors of hexokinase D with respect to glucose 12, 25-27]. We explored again their behaviour as inhibitors in view of the kinetic cooperativity of the enzyme with some of the substrates and the hyperbolic kinetics with others, as mentioned above.
 N-acetylglucosamine. We found that this sugar behaves as a competitive inhibitor of hexokinase D in agreement with previous reports. Dixon plots permitted the estimation of Ki values, which fall between 0.1 1 mM and 0.15 mM (median = 0.14 mM) in several experiments performed with different hexokinase D preparations at either pH 7.5 or 8.0. These values were lower than those reported previously (0.38 - 0.5 mM) [2,25 - 271. Only glucose concentrations over 4 mM were used for our calculations since they gave linear graphs
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 Fig. 1. Kinetic cooperativity of hexokinase D with glucose or mannose as substrates. Activities were measured at pH 8.0, as described in Materials and Methods. All the experimental points were used to draw the Eadie-Hofstee graphs of the insets, but the concentrations higher than four times Ko.5 were omitted for the direct representations. The kinetic parameters were: (A) glucose, V,,, = 9 m u , Ko.5 = 4 mM, h = 1.6; (B) mannose, V,,, = 7.9 m u , Ko.5 = 8.0 mM, h = 1.5
 Fig. 3. Effect of glucose concentration upon inhibition of hexokinase D by N-acetylglucosamine. The enzyme was assayed at variable concen- trations of glucose in the absence (v,) and in the presence of diverse fixed GlcNAc concentrations (vJ, at pH 8.0. (A) 48 mU hexokinase in the presence of 0.38 mM GlcNAc. (B) 10- 100 mU enzyme were used depending on the inhibitor concentrations. 0.048 (0), 0.08 (O) , 0.16 (O), 0.36 (M), 0.60 (A) , 1.0 (A) mM GlcNAc
 Fig. 2. Dixon plot of the inhibition by N-acetylglucosarnine of hexokinase D at different glucose concentrations. The enzyme was assayed at pH 8.0 in the presence of different concentrations of GlcNAc as indicated. (A) The assays were performed with 6.5- 13 mU hexokinase D (the results were normalized to an activity of 6.5 m u ) in the presence of 2 (0), 6 (O) , 10 ( O ) , 20 (M) mM glucose. Inset: (-) The experiment performed at 2 mM glucose; the arrow indicates the highest concentration represented in the main graph. (- - - -) Another experiment at 2 mM glucose, performed with 4.3 mU hexokinase D (another preparation). (B) 25- 100 mU hexo- kinase D (normalised to 100 m u ) were assayed at 0.2 (0), 0.6 (O), 2 (0) mM glucose. (C) 130 mU hexokinase D were assayed at 0.1 (0) or 0.2 (0 ) mM glucose
 (Fig. 2A). With very low glucose concentrations ( 5 2 mM), Dixon plots gave curves with downward curvature, mimicking partial competitive inhibition as illustrated in the inset of Fig. 2A. Similar curves were obtained with 0.1,0.2 or 0.6 mM glucose in the assay medium (Fig. 2B, 2C). Tangents drawn at zero concentrations of the inhibitor tend not to intersect in the upper left quadrant, suggesting the presence of an appar- ent uncompetitive component, as if N-acetylglucosamine were interacting with different affinities with more than one enzyme form, and that the relative proportions of these forms are dependent on glucose concentrations. The mutual effects of glucose and N-acetylglucosamine on their interactions with hexokinase D at low glucose concentrations are illustrated in Fig. 3, in which the relative activities vi/v,, i. e. the ratio of velocities in the presence and in the absence of the inhibitor was studied as a function of glucose concentrations. As glucose concentrations decrease below about 1-2 mM the relative activities increase, which is not expected for a competi- tive inhibition. By increasing glucose beyond these values, the relative activities increase, as normally happens in that type of inhibition. Notice that the N-acetylglucosamine concentra-

Page 4
						
						

166
 Fig. 4. Cooperativity of N-acetylglucosamine inhibition of hexo- kinase D at low glucose concentration. 30 mU enzyme were assayed at pH 7.5 at 0.2 ( 0 ) or 1.0 (0) mM glucose in the presence of variable concentrations of GlcNAc as indicated
 tions used in the experiments of Fig. 3 were in a wide range, below and over the Ki. The decrease in the inhibitory ef- fect of N-acetylglucosamine as the glucose concentration decreased was further studied in the experiment illustrated in Fig. 4. It can be seen that with a concentration of N-acetylglucosamine as high as 3 mM (about 20 Ki) there is almost no inhibition at 0.2mM glucose, but about 50% inhibition at the higher concentration of 1 mM glucose. At this last concentration of glucose a small activation (about 10%) was seen at low N-acetylglucosamine concentrations. Practically no effect of N-acetylglucosamine was observed in the experiment done with 0.2 mM glucose unless the concen- tration of the inhibitor increased over 4 mM, i. e. over 25 times its Ki. This phenomenon can be described as co-operativity of N-acetylglucosamine inhibition. The lack of inhibition by N-acetylglucosamine at low glucose concentration is not the consequence of a transformation of N-acetylglucosamine by the action of a possible contaminant activity of hexokinase D, such as N-acetylglucosamine kinase, because this activity was not detected. Furthermore, controls were made in which aliquots were withdrawn after several mindtes of reaction and used in assays with higher glucose concentrations, in which case the expected inhibitions were obtained. When the satura- tion function for glucose was studied in the presence of in- creasing concentrations of N-acetylglucosamine a progressive decrease of the Hill coefficient was observed (Fig. 5). An h of 1 .O was expected for an N-acetylglucosamine concentration as high as 85 times its Ki. This last effect has been briefly reported [17].
 Mannose. The competitive character of mannose with re- spect to glucose is shown in Fig. 6. The double-reciprocal plot of the saturation function of hexokinase D with glucose in the presence of a relatively low concentration of mannose (6 mM) was still curved upwards and could be linearized by using glucose concentrations to the power h (inset of Fig. 6). However, at 20mM mannose a straight line was obtained (h = 0.96). It was found, as in the case of N-acetylglucos- amine, that the progressive increase in mannose concentration induces a progressive decrease of h (progressive decrease of the slope of the Hill plots) and an increase of (Table 1). Also, as in the case of N-acetylglucosamine, there was a co- operative effect of mannose at very low glucose concentrations (Fig. 7A), which decreased as the concentration of glucose increases. This effect may also be seen when the relative
 Fig. 5. Hillplots ofglucose phosphorylation in the presence of increasing N-acetylglucosamine concentrations. The phosphorylation of glucose (range 1-700 mM) by hexokinase D (4-8 m u ) was measured at pH 8.0 in the absence (0) and in the presence of 0.36 (O) , 0.96 (a), 2.8 (W), 5.6 ( A ) 10.0 (A) mM GlcNAc. The kinetic parameters,
 and h, at each GlcNAc concentration were the following: (0), 5.2mM glucose, 1.52; ( 0 ) 14.5 mM glucose, 1.35; (0) 23 mM glucose, 1.33; (W) 58 mM glucose, 1.21; ( A ) 115 mM glucose, 1.13; (A) 268 mM glucose, 1.03
 Fig. 6. Double-reciprocal plot of the inhibition by mannose of glucose phosphorylation by hexokinase D. The phosphorylation of glucose by 7.6 mU enzyme was measured at pH 8.0 in the absence (0) and in the presence of 6 (O), 20 (0) mM mannose. The reaction was started by the addition of ATP (5 mM final concentration). The inset shows the same data using glucose concentrations to the h power: 1.55 (0), 1.33 (O) , 0.96 (0)
 enzyme activities (~Jv,) are studied as a function of glucose concentrations, in which case the inhibition was progressively less in the presence of glucose concentrations lower than 2 mM (Fig, 7B). To calculate the inhibition constant Ki a Dixon plot was applied to data from experiments performed
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 Table 1. Decreasing cooperativity of glucose phosphorylation in the presence of increasing concentrations of mannose and deoxyglucose Experimental details are given in the text. Glucose-phosphorylating activity was measured at pH 8.0 in the presence of variable concentra- tions of glucose and of the inhibitor. The reaction was initiated by the addition of 5 mM ATP. In the experiment with mannose, hexokinase D was at the Sephadex step of purification (spec. act. 4.1 U/mg protein), and 4-8 mU were used. In the experiment with 2-deoxyglucose an enzyme (8 m u ) after affinity chromatography was used (spec. act. 31 U/mg protein)
 Inhibitor Inhibitor Glucose phosphory- concentration lation parameters
 mM
 Mannose 0 5 .O 1.59 0.6 5.8 1.39 6 9.4 1.36
 10 14.4 1.22 20 32.5 1.06
 2-Deoxyglucose 0 5.9 1.6 40 16 1.3
 100 39 1.1 200 98 1 .o
 with glucose at relatively highconcentrations (2 KO,& in which case reasonable straight lines were obtained (Fig. 8A). A Ki of 3.1 mM was estimated, which is lower than the value of 16 mM for the rabbit enzyme [26] and the value of 14 mM for rat hexokinase D [27] previously reported. When low glucose concentrations (< were employed, the Dixon plot [28] and the Cornish-Bowden plot [29] revealed an apparent uncompetitive component (Fig. 8 B).
 2-Deoxyglucose. Fig. 9 shows that this compound is also a competitive inhibitor with respect to glucose in the hexokinase reaction, and that the cooperativity with glucose decreases in the presence of 2-deoxyglucose. Table 1 indicates that at a concentration of 200 mM 2-deoxyglucose (about 10 K,) the saturation function for glucose became hyperbolic (h = 1 .O). Experiments with 2-deoxyglucose at very low glucose concen- trations, similar to the ones performed with mannose or N-acetylglucosamine, are not reported because of difficulties in the estimation of velocity with the required degree of secur- ity (see Materials and Methods).
 Specgicity
 The relative efficiency of mannose, 2-deoxyglucose and N-acetylglucosamine in their effects on the cooperative be- haviour of glucose phosphorylation appears in Table 2, where
 Fig. I. Effect of glucose concentrations upon the inhibition by mannose of glucosephosphorylation. The phosphorylation of glucose was measured at pH 8.0 and the reaction was initiated by the addition of ATP at a final concentration of 5 mM. (A) Hexokinase D (13 - 30 m u ) was assayed at 0.1 ( 0 ) and 2.5 (0) mM glucose at the indicated mannose concentrations. (B) Hexokinase D (7-28 m u ) was assayed at the indicated glucose concentrations in the absence (v,) and in the presence of 5 (0), 10 (O) , 20 (a) mM mannose. The lines drawn were calculated from the kinetic parameter at each mannose concentration
 Fig. 8. Dixon plots of the inhibition by mannose of glucose phosphorylation by hexokinase D. The phosphorylation of glucose was measured at pH 8.0 at the indicated mannose concentrations and the reaction was initiated by the addition of ATP ( 5 mM, final concentration). (A) 10 mU enzyme were assayed at 6 (O) , 10 (0 ) or 20 (0) mM glucose. Kj = 3.1 mM mannose; (B) 13 mU same enzyme preparation as in (A) were assayed at 1 (0 ) or 2.5 (0) mM glucose. Inset: Cornish-Bowden plot used to estimate a K( value. K( = 5.2 mM
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 Fig. 9. Double-reciprocal plots of the inhibition by 2-deoxyglucose of glucose phosphorylation. The phosphorylation of variable concentra- tions of glucose by hexokinase D (4- 10 m u ) was measured at pH 8.0 in the absence (0) or presence (0) of 40 mM 2-deoxyglucose. The corresponding kinetic parameters were: (0) = 5.7 mM glucose, h = 1.7; (I?) = 21.3 and h = 1.3
 Table 2. Relative efficiency of glucose analogues for suppressing the kinetic cooperativity of hexokinase D with glucose [A], analogue concentration necessary for obtaining an h of 1.0 with glucose. Ki, competitive inhibition constant obtained from a Dixon plot when the analogue is used as a competitive inhibitor with respect to glucose. half-saturation concentration when the analogue is used as a substrate. GlcNAc is not a substrate. Fructose data from 141
 Analogue [A1 Ki K0.5 [A114 [AIIKo.~
 mM
 Fructose 250 101 325 -2 -1 Mannose 25 3.1 8 8 3 2-Deoxyglucose 200 n.d. 22 - 10 N-Acetylglucosamine 12 0.14 - 85 -
 the concentrations of the inhibitors are expressed as a function of their respective half-saturation concentration values, in- hibition constant values or both. Data with fructose [4] are also included. It is interesting to note that fructose, a relatively poor inhibitor, appears as the most efficient, as the relative concentration necessary to bring the Hill coefficient to 1.0 was about three times lower than the relative concentration required by mannose and ten times lower than that required by 2-deoxyglucose. N-Acetylglucosamine was the least effi- cient as its concentration had to be about 100 times its Ki in order to give a Hill coefficient approaching 1.0.
 The action of the inhibitors thus appears to be very specific since in each case a different concentration is required to suppress the cooperativity with glucose. Nevertheless in order to rule out an unspecific effect due to an increase in the concentration of alcohol groups and in viscosity originated by the presence of the high sugar concentrations we tested the effect of galactose, which had been described to be neither a substrate nor an inhibitor of hexokinase D 126, 27, 301. We confirmed that galactose is not phosphorylated by hexokinase
 D and that it does not act as an inhibitor. Its presence in the assay medium, even at concentrations as high as 320mM, does not alter the cooperativity with glucose. This fact con- stitutes strong evidence in favour of the specificity of the effect of fructose, mannose, 2-deoxyglucose and N-acetylglucos- amine.
 Long-chain acyl-coenzymes A have been described as competitive inhibitors of hexokinase D with both glucose and ATP, but do not alter the positive cooperativity with glucose [31]. In this case an allosteric site has been postulated for the binding of these compounds [32].
 DISCUSSION
 The molecular mechanism responsible for the kinetic cooperativity of hexokinase D with respect to two of its sugar substrates, glucose and mannose, is of particular interest be- cause hexokinase D is a monomeric protein under native and denaturing conditions [lo, 131 and also under the normal assay conditions [1 11. Thus the cooperativity cannot be due to interactions between subunits [14, 151 or to an association/ dissociation phenomenon induced by the substrates accom- panied by changes in kinetic properties according to the degree of oligomerization 1331. Affinity labelling experiments have shown only one active site 1121. Thus the cooperativity of hexokinase D must be explained in purely kinetic terms, being necessary to postulate a steady-state model with at least two kinetically distinct pathways for the generation of products. We have postulated models 117, 191 with isomerization of the enzyme along the lines of the slow transition model proposed by Ainslie et al. [34]. Storer and Cornish-Bowden [16] have postulated a ‘mnemonical mechanism’ as the one developed by Ricard et al. [35] from the idea of enzyme memory [36].
 Any postulated model for the cooperativity of hexo- kinase D ought to be able to explain at least the following observations: (a) sigmoidal kinetics with glucose and mannose and hyperbolic saturation function with 2-deoxyglucose and fructose [4-6, 17, 241 (and this paper); (b) suppression of sigmoidicity and increase of affinity for glucose at low ATP concentrations, and hyperbolic behaviour with respect to this substrate [6, 17, 201; (c) suppression of cooperativity with respect to glucose in the presence of competitive inhibitors [17] (this paper); (d) cooperative inhibition of some of these inhibitors at low glucose concentrations (this paper).
 In our models [17, 191 a random order of addition of substrates was postulated based on indirect evidence obtained from studies on the kinetics of hexokinase D with 2-deoxy- glucose as substrate [24], and on chemical modification of the enzyme and the protection displayed by substrates [37]. A random mechanism in the steady state appeared attractive at first as it permits the generation of cooperative behaviour in a monomeric enzyme [38]. However, in order to explain at a molecular level that the two pathways were not kinetically equivalent we postulated slow conformational changes of the enzyme [17]. In Olavarria et al. [19] an extension of this model was simulated on an analog computer, using a stochastic method developed by Olavarria [39, 401. It was shown that the simulated model was capable of accounting for some of the observations mentioned above. The existence of a random pathway is supported by isotope exchange studies [18], which have indicated that under conditions of chemical equilibrium a pathway exists in which MgATP binds to the free enzyme to give a binary complex capable of reacting with glucose. However, exchange experiments in the steady state showed that the main catalytic pathway corresponds to an ordered
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 Fig. 10. Slow-transition model postulated to explain the kinetic be- haviour of hexokinase D . The circle (El) and the square (Ell) represent two different conformations of hexokinase D. I, competitive inhibitor, which could be mannose, fructose, 2-deoxyglucose (also substrates) or GlcNAc (not a substrate). The main features of the model, as described in the text, can be expressed by the following relative values ofonekineticconstants.k-, > k7;ks > k-n;kiG > k-16;k7 < k16 2 kn > k , ; ( k d k - 4 ) > ( k i / k - i ) ; ( k - i d k i J ) > (k io /k - io ) ;kZ> k f ; k7 5 kT. kg and kT, catalytic constants. (In order to satisfy thermodynamic restrictions, the rate constants of the closed loops in the model cannot be independent, and must fulfil the requirement that the product of the rate constants in one direction equals the products of the rate constants in the opposite direction)
 mechanism with glucose as the first substrate and glucose 6-phosphate as the last product 2181. This last result suggests that the random order of substrates probably does not con- tribute significantly to the mechanism of cooperativity.
 In view of these considerations we have attempted to discuss the results presented above and to explain the kinetic behaviour of glucokinase on the basis of a slow transition model, such as the one discussed in Olavarria et al. [19], but with an ordered mechanism in which glucose is the first substrate.
 As in the previous models hexokinase D would exist basically in two conformations: El (circle) and EII (square) (Fig. 10). EI would be the thermodynamically more stable form, and would predominate in the absence of ligands ( k - > k7). Binding of glucose to the enzyme would increase the rate of the transition from EI to EII (k , > k- ,), thus affecting distribution of the two conformers. EII would have a higher affinity for glucose than El, and both binary complexes El . glucose (El . Glc) and EII . glucose (EII . Glc) would have the same affinity for MgATP. In addition, both conformations may have catalytic cycles with different velocities, El, higher than El, as will be discussed below.
 Cooperativity with glucose would be produced by shifts in the steady-state distribution between the two enzyme forms as the sugar concentration increases. At the start of the reaction essentially all hexokinase D is in the EI form (low- glucose-affinity form) and in the first catalytic cycles the reaction would occur mainly through the ternary complex EI . Glc . MgATP. However, as time proceeds the transition from El . Glc to Ell . Glc would shift the distribution between
 the pathways. The existence of a kinetic lag can be predicted, but although we have looked for it we have not been able to see this hysteretic behaviour in the conditions of our assay.
 The fraction of the binary complex El . Glc experiencing the transition would depend on the MgATP concentration. Thus as the MgATP concentration decreases that fraction would increase, .allowing the operation of the catalysis mainly through the ternary complex E,, . Glc . MgATP. This would explain the observation that the half-saturation glucose con- centration decreases as the MgATP concentrations decrease [17]. Under these conditions there would still be the possibility of two routes [(E, + El . Glc + EII. Glc + EII. Glc . MgATP) and EII + EII . Glc + EI1 . Glc . MgATP)] to form the ternary complex EII . Glc . MgATP, depending on glucose concentration. As the experimental results have shown that at very low MgATP concentrations hyperbolic behaviour exists, these two routes must become equivalent.
 The first indications of the possibility of the existence of two conformations of hexokinase D came out from studies of inhibition of glucose phosphorylation by the alternative substrate mannose and the analogue N-acetylglucosamine [17] (this paper). These observations suggested two simultaneous and opposite actions of the inhibitors; on one side, the com- petitive inhibition and, on the other, the activation due to the generation of a more active conformation. In fact, the experiments performed with very low glucose concentrations (< suggested the generation of an enzyme form EII in the presence of N-acetylglucosamine or mannose in addition to the form E,, which would be highly predominant in the absence of ligands. In contrast EII would be the prevailing form in the presence of high glucose concentrations (> and would have a high affinity for N-acetylglucosamine, i. e. a very low Ki, as experimentally found (0.1 1-0.14 mM). In this case only the competitive inhibition of EII by N-acetyl- glucosamine and mannose was apparent. As glucose concen- trations decrease below the proportion of the El form would increase, and if this conformer has lower affinity than the Ell form for the inhibitors, inhibition constants Ki' of higher values than Ki would be expressed, giving the kinetic features of a mixed inhibition.
 The cooperative nature of the inhibition by N-acetyl- glucosamine and mannose at low glucose concentrations may be the consequence of the higher affinities of these ligands with EI1 than with E,, allowing the more active EII form to be trapped thus favouring the phosphorylation of glucose through the EII . Glc complex and compensating for the com- petitive inhibition.
 Cooperativity of glucose phosphorylation can be sup- pressed in the presence of high concentrations of the alterna- tive substrates and of N-acetylglucosamine. This can be explained assuming that under these conditions only one con- formation exists. Owing to the higher affinity of the inhibitors for EII with respect to El, they would be able to trap the EII form generated by glucose, thus stabilizing this enzyme conformation. On the other hand, as the inhibitors have dif- ferent efficiency in suppressing cooperativity with glucose, a difference that is not correlated to their affinities (Table 2), we postulate that the transition rates of the various binary enzyme-inhibitor complexes are different. Direct simulation studies of the kinetic cooperativity of hexokinase D have shown that changes in the velocities of the conformational transitions alter the cooperativity of the system and hyperbolic or cooperative behaviour can be obtained [19].
 In the case of 2-deoxyglucose, which is the least efficient substrate in suppressing cooperativity with glucose, it can be

Page 8
						
						

170
 postulated that although this sugar derivative is able to induce the transition from EI to EII, the transition rate would be slow enough in relation to the catalytic constant to permit, when used as substrate, the basic operation of the catalytic cycle through the ternary complex EI . dGlc . MgATP thus explain- ing the hyperbolic kinetics of hexokinase D with 2-deoxy- glucose. The fact that the maximal velocity with 2-deoxyglu- cose is about 0.7 V,,, with glucose is compatible with the postulation that the catalytic cycle through the EI . dGlc . MgATP complex is slower than through EII. dGlc. MgATP.
 Fructose also has hyperbolic kinetics and abolishes the cooperativity of glucose phosphorylation [4]. As in the case of 2-deoxyglucose, the operation of one catalytic cycle may be assumed. However, in this case we postulate that the cycle operates through EII . Fru . MgATP, because: (a) the maximal velocity with fructose is more than twice that with glucose, and (b) fructose is more efficient then 2-deoxyglucose in suppressing the cooperativity of glucose phosphorylation. These two facts suggest that fructose not only acts by trapping the EII form generated by glucose as a result of its relative high affinity for EII, but also by contributing to the generation of EII owing to a high rate of transition from El . Fru to Ex, . Fru. This transition rate would be high enough to permit the once-formed complex EI . Fru to be rapidly transformed to EII . Fru before binding ATP and only one kinetic pathway would exist.
 Cooperativity of glucokinase with mannose can be ex- plained in the same way as in the case of glucose, that is, accepting that the two cycles would contribute to the forma- tion of products. As mannose can both generate and trap the EII conformation, it would be very efficient in suppressing cooperativity of glucose phosphorylation. Using the same conceptual scheme, the low efficiency of N-acetylglucosamine in suppressing cooperativity of glucose phosphorylation can be explained assuming that the analogue is able to trap the EII form generated by glucose because of its high affinity for this form, but is unable by itself readily to generate the EII conformation.
 Thus we postulate that the different kinetic behaviour with the different sugars substrates would be the consequence of differences in the velocities of the conformational transitions induced by the sugar substrates.
 The main difference between the model that we have discussed here and the mnemonical model [16, 181 is that in the latter both enzyme conformations lead to the same enzyme . glucose complex. Although our data can also be explained by a mnemonical model we consider that at present there is no evidence that would allow one to establish whether only one or more than one hexokinase . glucose complex exists. Thus the model presented above may be considered less restrictive because it allows the possibility that the two enzyme . glucose forms, corresponding to the two enzyme conformations, may be different. While this manuscript was under consideration Pollard-Knight and Cornish-Bowden [41] reported a change in the kinetic properties of hexokinase D by 'HzO, which they have interpreted by an extended version of the mnernonical model.
 We are grateful to Dr A. Cornish-Bowden for helpful discussions. We are indebted to Professor S. V. Perry for allowing us to use the facilities of the Department of Biochemistry, University of Birming- ham, during the preparation of this manuscript. This study was supported by grants from the Departamento de Desarrotlo de la In- vestigacion. Universidad de Chile; from the Multinational Program of Biochemistry, Organization of the American States; and from the
 Regional Program for graduate training in Biological Sciences, PNUD-Unesco RLA 78/024.
 REFERENCES 1. Gonzalez, C., Ureta, T., Sanchez, R. & Niemeyer, H. (1964)
 2. Gonzalez, C., Ureta, T., Babul, J., Rabajille, E. & Niemeyer, H.
 3. Katzen, H. M., Soderman, D. D. & Nitowsky, H. M. (1965)'
 4. Cardenas, M. L., Rabajille, E. & Niemeyer, H. (1984) Biochem.
 5 . Niemeyer, H., Cardenas, M. L., Rabajille, E., Ureta, T., Clark-
 6. Storer, A. C. & Cornish-Bowden, A. (1976) Biochem. J. 159,'
 7. Kelkar, S. M. & Nadkarni, G. B. (1978) Indian J . Biochem:
 8. Niemeyer, H., Ureta, T. & Clark-Turri, L. (1975) Mol. Cell.
 9. Bontemps, F., Hue, L. & Hers, H. G. (1978) Biochem. J . 174,
 10. Holroyde, M. J., Allen, M. B., Storer, A. C., Warsy, A. S., Chesher, J. M. E., Trayer, I. P., Cornish-Bowden, A. &Walker, D. G. (1976) Biochem. J . 153,363 - 373.
 11. Cardenas, M. L., Rabajille, E. & Niemeyer, H. (1978) Arch. Biochem. Biophys. 190, 142- 148.
 12. Connolly, B. A. & Trayer, I. P. (1979) Eur. J . Biochem. 99,
 13. Maccioni, R. & Babul, J. (1980) Arch. Biol. Med. Exp. 13,
 14. Monod, J., Wyman, J. & Changeux, J. P. (1965) J. Mol. Biol. 12,
 15. Koshland, D. E., Jr., Nemethy, G. & Filmer, D. (1966) Biochemis-
 16. Storer, A. C. & Cornish-Bowden, A. (1977) Biochem. J . 165,
 17. Cardenas, M. L., Rabajille, E. & Niemeyer, H. (1979) Arch. Biol.
 18. Gregoriou, M., Trayer, I. P. & Cornish-Bowden, A. (1981) Bio-
 19. Olavarria, J. M., Cardenas, M. L. & Niemeyer, H. (1982) Arch.
 20. Cardenas, M. L. (1982) Ph. D. Thesis. Universidad de Chile. 21. Storer, A. C. & Cornish-Bowden, A. (1976) Biochem. J. 159,
 1-5. 22. Greiling, H. & Kisters, R. (1965) Hoppe-Seyler's 2. Physiol.
 Chem. 341, 172-184. 23. Dawson, R. M., Elliott, D. C., Elliott, W. H. & Jones, K. M.
 (1972) Data for Biochemical Research, 2nd edn, pp. 625-626, Oxford University Press, London.
 24. Niemeyer, H., Monasterio, O., Cardenas, M. L. & Rabajille, E. (1978) Fed. Proc. 37, 1421 (abstr.).
 25. Walker, D. G. & Rao, S. (1963) Biochim. Biophys. Acta 77,
 26. Salas, J., Salas, M., Viiiuela, E. & Sols, A. (1965) J . Biol. Chem.
 27. Parry, M. J. & Walker, D. G. (1966) Biochem. J . 99, 266-274. 28. Dixon, M. (1953) Biochem J . 55, 170-171. 29. Cornish-Bowden, A. (1974) Biochem. J . 137, 143- 144. 30. Grossman, S. H., Dom, C. C . & Potter, V. R. (1974) J . Bid.
 31. Tippett, P. S. & Neet, K. E. (1982) J . Biol. Chem. 257, 12839-
 32. Tippett, P. S. & Neet, K. E. (1982) J. Biol. Chem. 257, 12846-
 33. Frieden, C. (1967) J . Biol. Chem. 242,4045-4052. 34. Ainslie, G. R., Shill, 3 . P. & Neet, K. E. (1972) J . Bioi. Chem.
 Biochem. Biophys. Res. Commun. 16, 347-352.
 (1967) Biochemistry 6, 460-468.
 Biochem. Biophys. Res. Commun. 19,377-382.
 J. 222,363 - 370.
 Turri, L. & Peiiaranda, J. (1975) Enzyme 20, 321 - 333.
 7-14.
 Biophys. 15,95 - 100.
 Biochem. 6, 109-126.
 604- 61 1.
 299 - 308.
 271 -286.
 88-118.
 try 5,365- 385.
 61 - 69.
 Med. Exp. 12, 571 - 580.
 chemistry 20,499 - 506.
 Biol. Med. Exp. 15, 365 - 369.
 662 - 665.
 240, 1014-1018.
 Chem. 249,3055 - 3060.
 12845.
 12852.
 247,7088 - 7096.

Page 9
						
						

171
 35. Ricard, J., Meunier, J. C. & Buc, J. (1974) Eur. J . Biochem. 49,
 36. Rabin, B. R. (1967) Biochem. J . 102, 22-23c.
 39. Olavarria, J. M. (1973) An. Acud. NUC. Cienc. Exuctus Fis. Nut.,
 40. Olavarria, J. M. (1980) Rev. Znst. Cibernttica SOC. Cient. Argent.
 (1981) Arch. Biol. Med. Exp. 14, 139- 142. 41. Pollard-Knight, D. & Cornish-Bowden, A. (1984) Eur. J.
 195 - 208. B. Aires 25, 129 - 165.
 37. Monasterio, O., Orellana, O., Heberlein, U. & Niemeyer, H. 5,88- 102.
 38. Ferdinand, W. (1966) J. Biol. Chem. 240, 278-283. Biochem. 141, 157-163.
 M. L. Cardenas, Department of Biochemistry, University of Birmingham, P.O. Box 363, Birmingham, England B 15 2 TT
 E. Rabajille and H. Niemeyer, Departamento de Biologia, Facultad de Ciencias BBsicas y Farmaceuticas, Casilla 653, Santiago, Chile



					
LOAD MORE                                    

            


            
                
                

                

                
                
                                

                                    
                        
                            
                                                            
                                                        

                        
                        
                            HE Printed in U.S.A. The High Resolution Crystal Structure ... · mans like hemolytic anemia (1, 2) and cardiomyopathy (3). Mutations in glucokinase (hexokinase IV) are associated

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Hexokinase from Maize Endosperm and Scutellum1

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Modeling Negative Cooperativity in Streptavidin Adsorption 

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            PET imaging of tumor glycolysis downstream of hexokinase … · CANCER PET imaging of tumor glycolysis downstream of hexokinase through noninvasive measurement of pyruvate kinase

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Cooperativity, connectivity, and folding pathways of

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Hepatic glucokinase promoter polymorphism is associated ......Mohammad F Saad - [email protected] Abstract Background: The role of glucokinase (GCK) in the pathogenesis of maturity-onset

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Sequence, structure, and cooperativity in folding of elementary 

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Cell-specific Roles of Glucokinase in Glucose Homeostasis · 2017-04-01 · Cell-specific Roles of Glucokinase in Glucose Homeostasis CATHERINE POSTIC, MASAKAZLI SHIOTA, AND MARK

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Human ELISA Kit ab125967 – Glucokinase...Discover more at 2 INTRODUCTION 1. BACKGROUND Abcam’s Glucokinase (GCK) Human in vitro ELISA (Enzyme-Linked Immunosorbent Assay) kit is

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            University of Birmingham The importance of cooperativity 

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Multivalency (and cooperativity)

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Glucokinase mediates coupling of glycolysis to mitochondrial ......glucose sensor enzyme glucokinase, whether elevated glucose metabolism evokes toxicity to beta cells. Methods RINm5F-R-EYFP-GK

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Cooperativity, connectivity, and folding pathways of 

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Glycolysis Glycolysis overview Reactions of Glycolysis 1- Hexokinase (Glucose Phosphorylation) - Glucokinase 2- PhosphoFructokinase (PFK-1) - Regulation

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            DIABETES Copyright © 2019 Targeting hepatic glucokinase to ...DIABETES Targeting hepatic glucokinase to treat diabetes with TTP399, a hepatoselective glucokinase activator Adrian

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Hexokinase mediates stomatal closure › images › pdf › Kelly et al... · Hexokinase mediates stomatal closure Gilor Kelly 1, Menachem Moshelion2, Rakefet David-Schwartz , Ofer

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Understanding cooperativity of microRNAs via microRNA

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Molecular basis of cooperativity in pH-triggered ... pdfs/114_Li... · Molecular basis of cooperativity in pH-triggered supramolecular ... requests for materials should ... cooperativity

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Multiple Elements in the Upstream Glucokinase Promoter Contribute 

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Hexokinase (Englisch)

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Hemoglobin: A Paradigm for Cooperativity and Allosteric Regulation

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            revised-ESI Cooperativity aluminate

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            REGULATION OF TRYPANOSOMA BRUCEI HEXOKINASE 1 AND 2 …

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            IN SILICO EVALUATION FOR GLUCOKINASE SENSITIZER OF …wjpls.org/download/article/10092016/1476705180.pdf · are quite sensitive to the oxidation status of the cells, making glucokinase

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Investigation of Cooperativity between Statistical 

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Improved El Niño forecasting by cooperativity detectionhavlin.biu.ac.il/PS/Improved El Nino forecasting by cooperativity detection.pdfEl Niño basin considered here consists of the

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Screening of Mutations and Polymorphisms in the Glucokinase … · 2008. 1. 29. · Screening of Mutations and Polymorphisms in the Glucokinase Gene in Czech Diabetic and Healthy

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Human Erythrocyte Hexokinase Deficiency - JCI

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Seminar 5 these steps must be bypassed in gluconeogenesis two of the bypass reactions involve simple hydrolysis reactions •hexokinase or glucokinase (glycolysis) catalyzes: glucose

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Cell Reports Supplemental Information Lipid Cooperativity ... · PDF fileCell Reports Supplemental Information Lipid Cooperativity as a General Membrane-Recruitment Principle for PH

                            Documents
                        

                    

                                            

        

    


















    
        
            	About us
	Contact us
	Term
	DMCA
	Privacy Policy


            	English
	Français
	Español
	Deutsch



            
                

				STARTUP - SHARE TO SUCCESS

									
							
	


					

				            

        

    












	



