
J. Org. Chem. 1992,57,811-817 811 

C2&,OSi: C, 65.57; H, 10.48. Found: C, 65.73; H, 10.64. (B) 
By reaction with m-CPBA: Rsaction conditions as in the peracid 
epoxidations described above. Reaction time: 3 h. Yield 92%. 

Oxidation of 23 to Silyl &Epoxide Lactone 21. PCC (475 
mg, 2.2 "01) was added to a solution of lactone 23 (423 mg, 1.1 
"01) in dry C H 2 Q  (30 mL). The reaction mixture was stirred 
at rt for 30 min. More PCC (475 mg) wae then added, and stirring 
was continued for 3 h. Quenching and usual workup (8 - 7), 
followed by column chromatography of the residue on silica gel 
(30% ethyl acetate in hexane), yielded 205 mg (49%) of 21 as a 
white solid. Recrystallization from hexandethyl  ether gave 
colorleas needles: mp 114-120 "C; IR 1767,1279,1231,1153,1105, 

J = 10.5,7,6.5,4 Hz, H-7), 1.90 (m, H-3),1.70-1.40 (m, H-1, H-2, 

(t, J = 7.5, SiCCHJ, 0.58 (q, J = 7.5, SiCHJ; '9c NMR, aee Table 
L A d  Calcd for &H&Sk C, 66.W; H, 9.53. Found: C, 66.39; 
H, 9.69. 

Deailylation of 21 to Hydroxy B-Epoxide Lactone 19. A 
solution of silylated lactone 21 (190 mg, 0.5 "01) in HOAc/ 
THF/H20, 61:3 (20 mL), was stirred at 45 OC for 3 h. The 
reaction mixture was then dilutad with water and extracted twice 
with CH&l, The combined organic layers were then washed once 
with 5% aqueous NaOH and worked up as usual. Column 
chromatography of the residue on silica gel (75% ethyl acetate 
in hexaue) yielded 94 mg (71%) of 19 as a white solid. Recrys- 
tallization from ethyl acetate gave colorleas platelets: mp 226227 
OC; IR 3300,1766,1188,1157,1021,953,906 an-'; 'H NMR'S 4.18 

(m, H-3), 1.70-1.40 (m, H-1, H-2), 1.70 (ddd, J = 13.5,6.5, 3.8 

1.13 (d, J = 7 Hz, H-13), 0.99 (8,  H-14); '9c Nh, see Table I; 
MS m/z (relative intensity) 266 (M+, 40), 251 (M+ - Me, 8), 248 
(M+ - HzO, lo), 238 (9), 233 (7), 223 (sa), 209 (53), 205 (80), 193 
(45), 175 (66), 153 (82), 135 (92), 131 (loo), 123 (83), 109 (96), 95 
(95), 55 (99); HRMS m/z calcd for Cl5H~O4 266.1518, found 

1086,956,920,757 ~m-'; 'H NMR 6 4.19 (d, J = 4 Hz, H-6), 3.70 
(dd, J 7,7 HZ, H-ll), 2.39 (dddd, 

H-8), 1.40 (8, H-15), 1.19 (d, J = 7 Hz, H-13), 1.02 (8, H-14), 0.94 

11.g4.3 Hz, H-9), 2.77 (da J 

(d, J 
J = 7,7 Hz, H-11), 2.45 (dddd, J 

Hz, H-8,), 1.42 (ddd, J 

4.2 Hz, H-6), 3.62 (dd, J = 11.5,3.8 Hz, H-9),2.75 (dq, 
11,7, 6.5, 4.2 Hz, H-7), 1.90 

13.5, 11.5, 11 Hz, H-8 ), 1.35 (8, H-15), 

266.1519. 
Oxidation of 19 to Keto @-Epoxide 18. Reaction conditions 

were virtually as described above for 8 - 7. Reaction time: 5 
h. Column chromatography on silica gel (10% MeOH in diethyl 
ether) afforded 18 in 70% as a white solid. Recrystallization from 
hexandethyl  ether gave colorless platelets: mp 176176 "C; 
IR 1771,1704,1250,1214,1168,1115,1096,1010,966,726 cm-'; 
'H NMR S 4.49 (d, J = 5.7 Hz, H-6), 3.04 (br ddd, J = 9.5,7,5.7 

HaJ, 2.33 (br d, J = 13.6 Hz, H-8 ,2.05 (m, H-3),1.&+1.40 (m, 
H-1, H-2), 1.47 (a, H-15), 1.30 (8, &14), 1.23 (d, J = 7 Hz, H-13); 
'BC NMFt, see Table I; MS m / z  (relative intensity) 264 (M+, 6), 
249 (M+ - Me, 6), 246 (M+ - H20, 51,236 (81,231 (31,221 (281, 
206 (91), 203 (68), 191 (70), 147 (55), 133 (loo), 109 (51), 56 (92); 
HRMS m/z calcd for C16HmO4 264.1362, found 264.1361. 

Acatylation of 19 to 20 was performed under the standard 
conditions (AQO-pyridineDW, rt, 12 h). Quenching with 
water and usual workup yielded an oily residue which was 
chromatographed on silica gel (50% ethyl acetate in b e ) .  This 
gave 20 in 78% yield as a white solid. Recryatallization from 
hexandiethy1 ether gave colorless c u k  mp 202-203 OC; IR 
1753,1718,1278,1238,1158,1147,1096,1021,975,950,914,742 

4.3 Hz, H-7),2.05 (e, OAc), 1.90 (m, H-3),1.80-1.40 (m, H-1, H-2, 

(d, J = 7 Hz, H-13),1.11 (8, H-14); 'Bc Nh, see Table I; MS 
m/z (relative intensity) 308 (M+, 14), 265 (M+ - COCHB, loo), 
248 (16), 233 (9), 223 (5?), 209 (79), 205 (62), 175 (35), 131 (59, 
119 (54),55 (38); HRMS m/z d c d  for C17Hu0, 308.1624, found 
308.1624. 
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Hz, H-7), 2.86 (dq, J 3 7,7 Hz, H-ll), 2.75 (dd, J 13.6,9.5 Hz, 

~m-'; 'H NMR 6 4.92 (dd, J = 11,3.8 Hz, H-9), 4.26 (d, J 4.3 
Hz, H-6), 2.81 (dq, J = 7,7 Hz, H-ll), 2.57 (dddd, J = 11,7,6.5, 

H-B,), 1.51 (ddd, J 13.4,11.2,11 Hz, H-8 ), 1.40 (e, H-15), 1.16 
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Three aldose phosphofluoridatea, D-glucose 6-phosphofluoridate, u-Dma"annpyranosy1 phosphofluoridate, and 
2-deoxy-2-fluoro-u-~-glucopyranosyl phosphofluoridate, have been synthesized from the parent phosphate and 
2,4dinitrofluorobenne, and the mechanism of fluorination has been investigated. Another modified aldose 
phosphate, u-D-glucopyranosyl4,6-cyclic phosphate [phosphate] hae also been synthesized as an analogue of 
&phosphwvr+glucopyranceyl phoephate. Theee compounds were teatad 88 possible "m -based inactivatom 
of rabbit muscle phosphoglucomutaee, but no time-dependent inactivation was observed. They were, however, 
found to be reversible inhibitors of phosphoglucomutase, and comparison of their dissociation constanta with 
thoee of the parent phosphatm revealed that the removal of a single negative charge weakens ground-state binding 
by approximately 11 kJ/mol. Further, the abeence of any detectable phosphorylation of these analogues reveals 
that this second charge is even more important for transition-state interactions, contributing at least 40 kJ/mol 
to transition-state stability. This suggests that the parent substrate bind to the enzyme and react in their dianionic 
forms, and it provides a measure of the value of chargecharge interactions at the active site of this key metabolic 
enzyme. 

A complete understanding of the specificities and 
mechanisms of enzymes that utilize substxatea or cofactors 
containing ionizable groups requires a knowledge of the 
charge state of the enzyme-bound species. In the cases of 
enzymes utilizing phosphate monoesters for example, both 

monoanions and dianions are present in solution at 
physiological pH and in principle either could be the active 
species. Studies on the reaction's pH dependence' and, 
in the case of phosphatecontaining ligands, the slP NMR 

(1) Fersht, A. R. Enzyme Structure and Mechanism, 2nd ed.; Free- 
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chemical shift of the bound ligand2 can provide informa- 
tion on the charge state of a bound ligand that has multiple 
ionization states. However, these techniques have disad- 

and less ambiguous information can often be 
gained using chemically modified ligands. Ideally, a 
modification would only alter the charged group itself, 
either by changing the pK, values or by addition or dele- 
tion of a whole charge, and not affect the remainder of the 
molecule to any great degree. The pK, values of phosphate 
esters have been modified by forming analogues such as 
thiophosphates, imidophosphates, phosphonates, a-halo 
phosphates, and a-halo phospbonates.6g6 Alternatively, 
a whole charge can be deleted by replacing a phosphate 
hydroxyl with a nonionizable group such as hydrogen, to 
form a phosphite,' or with fluorine, to form a phospho- 
fluoridate: or by cyclization to form a cyclic phosphate? 

Good mechanism-based inactivators of phosphoryl- 
transferring enzymes would be extremely valuable tools 
in the study of the mode of action and biological function 
of this extremely important class of enzymes. Suitably 
designed phosphofluoridates and cyclic phosphates offer 
some potential in this regard for enzymes which operate 
through a phosphoryl-enzyme intermediate since, should 
they be recognized by the enzyme in question, then attack 
of the enzymic nucleophile may result in displacement of 
the fluoride or opening of the cyclic phosphate rather than 
the normal phosphoryl-transfer reaction. Inactivation 
would result due to the formation of a phosphodiester- 
derivatized enzyme. 

This report describes the synthesis and use of phos- 
phofluoridate and cyclic phosphate analogues of a - ~ -  
glucopyranosyl phosphate (glucose-l-P)lo and D-glucose 
6-phosphate (glucose-6-P) as inhibitors and as possible 
inactivators of the enzyme phosphoglucomutase from 
rabbit muscle. Phosphoglucomutase is an enzyme of 
molecular weight 61 600 Da, which is responsible for the 
interconversion of glucose-1-P and glucose-6-P.l' It con- 
tains a phosphoserine residue in ita active site and is de- 
pendent on the presence of both Mg2' and 6-phospho-cu- 
Dglucopyranosyl phosphate (glucose- 1,6-diP) for full en- 
zymatic activity. Its mechanism of action is fairly well 
established as involving two consecutive phosphoryl- 
transfer reactions. In the fmt reaction glucose-1-P binds 
at the active site with ita 6-hydroxyl adjacent to the 
phosphoserine residue and a phosphoryl transfer occurs 
with formation of a deghosphoenzyme-glucose-1,6-diP 
complex. This complex then rearranges such that the 
1-phosphate is transferred to the active-site serine residue 
in a second step, regenerating the phosphoenzyme and 
releasing the glucose-6-P. 

Percival and Withers 

The compounds D-glucose 6-phosphofluoridate (glu- 
cose-SPF) (1) and a-D-glucopyranosyl phosphofluoridate 
(glucose-1-PF) (2) are good candidates for covalent inac- 
tivators of this enzyfne since it is reasonable to expect that 
they would bind to the enzyme and be phosphorylated by 
the serine phosphate in the initial step exactly as with the 
parent Substrate. Subsequent attack of the serine hydroxyl 
group on the phosphofluoridate moiety might well result 
in formation of the phosphodiester with displacement of 
fluoride, thus inactivation. Good potential for such in- 
activation exists since another claw of enzymea containing 
an active-site serine nucleophile, the serine proteases, is 
efficiently inactivated by diisopropyl phosphofluoridate.12 
In addition, it has been reported that thymidine 3'- 
phosphofluoridate irreversibly inhibits ribonuclease, poe 
sibly by reaction of the phosphofluoridate moiety with a 
reactive enzyme group.l3 Inactivation of phosphogluco- 
mutase might also be expected with the cyclic phosphate 
analogues for the same reason. If such inactivation does 
not occur, the reversible binding of theee compounds would 
still be of intereat since comparison of the affmities of theae 
analogues with the affinities of the corresponding sub- 
strates should provide valuable insight into the contribu- 
tion of chargecharge interactions to their overall binding 
affinity. 

Results 
Synthesis. The fluorination of glucose-6-P with 2,4- 

dinitrofluorobenzene (DNFB) proceeded smoothly, yield- 
ing glucose-6-PF (1) which was characterized by 'H, 19F, 
and 13P NMR as well as by elemental analysis and FAB- 
MS. The synthesis of glucose-6-PF haa been reported 
previously,'' but no analytical data confiiing the struc- 
ture of the product were provided in that case. Attempts 
to prepare glucose-1-PF (2) by a similar procedure were 
unsucc888fu1 and resulted only in the formation of glucose 
l,2-cyclic phosphate, aa evidenced by the 31P and 'H NMR 
spectra obtained for the product which were identical to 
those of authentic material prepared previ~usly'~ by the 
method of Zmudzka and Shugar! The probable mecha- 
nism of formation of this material is of interest. Previous 
work on the synthesis of nucleotide phosphofluoridateslB 
has suggestad that the formation of a phosphofluoridate 
under these conditions involves an initial nucleophilic 
attack of the phosphate ester onto DNFB to yield a 2,4- 
dinitrophenyl ester intermediate with release of fluoride. 
This intermediate subsequently undergoes attack by 
fluoride to give the phosphofluoridate with expulsion of 
2,4-dinitrophenolatee Presuming this mechanism holds 
true for these pyranosyl phosphates, then the formation 
of glucose l,2-cyclic phosphate rather than the desired 
glucose-1-PF must arise from attack of the 2-hydroxyl 
upon the phosphate, either in the dinitrophenyl ester in- 
termediate or after it has formed the phosphofluoridate 
product. If the attack occurs only on the intermediate the 
desired product, glucose-1-PF (2) might be obtainable if 
the 2-hydroxyl could be protected during the reaction and 
only exposed when the product phosphofluoridate had 
been formed. 

Confirmation of the mechanism of fluorination for thew 
sugars was first sought by examining a pyranosyl phos- 

(12) Wabh, C. Enzymatic Reaction Mechanisms; W. H. Freeman: 

(2) Goranstein, D. G. Meth. Enzymol. l989,177B, 295. 
(3) Knowles, J. R. CRC Crit. Reo. Biochem. 1976,4,165. 
(4) Cheblowski, J. A.; Armitage, I. M.; Tusa, P. P.; Colman, J. E. J.  

(5) Yount, R. G. Ado. Enzymol. 1975,43,1. 
(6) Blackburn, G. N. Chem. Znd. (London) 1981, 134. 
(7) Robertson, H. E.; Boyer, P. D. Arch. Biochem. Biophys. 1975,62, 

(8) Withers, S. G.; Madsen, N. B. Biochem. Biophys. Res. Commun. 

(9) Zmudzka, B.; Shqar, D. Acta Biochim. Pol. 1964,11, 509. 
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nose-1-P, a-Dmat"annpyranosy1 phosphate, mannose-1-PF, a- mann no- 
pyranosyl phosphofluoridate; 2-fluoroglucose-l-PF, 2-deoxy-2-fluoro-a- 
wglucopyranosyl phosphofluoridate, glucose-1,6-diP, 6-phoapho-a-~- 
glucopyranosyl phosphate; glucoee-4,6-cyclic-P-l-P, a-Dglucopyranosyl 
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a per-0-benzylated glucose-1-P derivative which might not 
degrade upon attempted fluorination were unsuccessful. 
Since glucose-1-PF could not be synthesized by the routes 
attempted, alternative compounds for the enzymic ex- 
periments were sought. Those chosen were mannose-1-PF 
(3) and 2-deoxy-2-fluoro-~~-D-glucopyranosyl phospho- 
fluoridate (2-fluoroglu~l-PF) (4) since neither of these 
compounds can possibly cyclize and since previous work 
suggested that both would likely be bound by phospho- 
glucomuta~e.'~~ These were both succBBBfully synthesized 
using DNFB, and the products were characterized by 
NMR and elemental analysis. 

The aldose phosphofluoridates were all stable for 3 4  
months at -20 OC when stored in a dessicator over calcium 
chloride. However glucose-6-PF (1) partially decomposed 
over several weeks at room temperature on expoeure to air, 
turning black and becoming highly acidic. Investigation 
of the product mixture by slP NMR revealed that the 
major decomposition product was a phosphate monoester 
and did not contain any of the anticipated glucose 4,6- 
cyclic phosphate. It is therefore unlikely that this facile 
decomposition is caused by intramolecular attack of the 
C-4 glucose hydroxyl on the phosphofluoridate group with 
displacement of fluoride, but not impossible since initial 
formation of the cyclic phosphate could have been followed 
by its hydrolysis to form a monoester. 

Synthesis of glucose-4,6-cyclic-P-l-P (5) was achieved 
in a two-step reaction from glucose-6-P. In the first step 
glucose-6-P was converted into its 4,6-cyclic phosphate 
using dicyclohexylcarbodiimide, according to the published 
protocols and purified by ion-exchange chromatography. 
This material was then phosphorylated essentially ac- 
cording to MacDonaldl* to yield the desired diphosphate 
product after ion-exchange chromatography. 
Enzymology. Inactivation Tests. Incubation of each 

of the phosphofluoridate substrate analogues with the 
phosphoenzyme form of phosphoglucomutase for periods 
of up to 6 h resulted in no time-dependent decrease in 
enzyme activity, the activity of the enzyme remaining 
identical to that of a control. There are two most likely 
reasons for the absence of inactivation, based upon the fact 
that inactivation by these compounds would require the 
inactivator to first bind to the phosphoenzyme and be 
phosphorylated by the active site serine phosphate before 
the enzymic nucleophile is free to attack the phospho- 
fluoridate. Lack of inactivation could therefore result 
either from the inability of the enzyme to perform the 
initial phosphorylation step or, if this has occurred, from 
the inability of the enzymic nucleophile to attack the 
phosphofluoridate with release of the fluoride. These two 
possibilities have been distinguished by assaying for en- 
zyme-catalped phosphorylation of the sugar phospho- 
fluoridate. This was achieved using a coupled assay 
(glucose-6-P dehydrogenase) which can measure the en- 
zyme-catalyzed release of glucose-6-P from the glucose- 
1,6-diP which is consumed in rephosphorylating the en- 
zyme after the phosphofluoridate has been converted. 

0 
Q-4, 

%o i-0 
(5) 

phate which could not undergo this transformation. CY-D- 
Mannopyranosyl phosphate (mannose-1-P) was chosen 
since the trans relationship of the 2-hydroxyl and the 
anomeric phosphate precludes formation of a cyclic 
phosphate. Synthesis of the dinitrophenyl ester of man- 
nose-1-P was achieved by means of a dicyclohexylcarbo- 
diimide-mediated coupling of mannose-1-P and 2,4-di- 
nitrophenol. This material could be purified by DE-52 
ion-exchange chromatography but proved to be relatively 
unstable, decomposing with release of dinitrophenol. 
Nonetheless, addition of an excess of potassium fluoride 
to samples of this intermerliate resulted in the rapid release 
of dinitrophenol and the formation of a stable CY-D- 
mannopyranosyl phosphofluoridate (mannose-1-PF) (3) 
product whose identity was confirmed by comparison of 
spectroscopic data with that of an authentic sample (vide 
infra). 
This result clearly indicates the same mechanism of 

phosphofluoridate formation as that found for the nu- 
cleotide phosphofluoridate. Further, the observed high 
reactivity of the dinitrophenyl ester of mannose-1-P and 
the relative stability of mannose-1-PF (3) would suggest 
that the unwanted cyclization process during the at- 
tempted synthesis of glucose-1-PF (2) likely occurs at the 
dinitrophenyl ester intermediate stage. On the basis of 
this, attempts were made to prepare a protectad glucose- 
1-P derivative which could be used in the synthesis of 
glucose-1-PF. Synthesis of 2,3,4,6-tetra-o-acetyl-a-~- 
glucopyranosyl phosphate was achieved both by acetyla- 
tion of glucose-1-P with acetic anhydride in pyridine17 and 
by the MacDonald phosphorylation of 1,2,3,4,6-penta-O- 
acetyl-8-D-glucopyranose followed by neutralization.18 
However, subsequent fluorination of this compound by 
DNFB was not successful, as was evidenced by 31P NMR, 
the reaction resulting in a complex mixture of compounds, 
none of which exhibited the expected characteristic P-F 
splitting of approximately 950 Hz. Attempts to prepare 

(17) Warren, C. D.; Nasir-ud-Din; Jeanloz, R. W. Carbohydr. Res. 
1978,64,43. 

(18) Machnald, D. L. In Methods in Carbohydrate Chemistry; 
Whistler, R. L., &Miller, J. N., Eds.; Academic: New York, 1972; Vol. 
6, pp 389-392. 

PhoPphoglumuuse 
Glucas-1.6-diP + Mmmse-l-PP ___) Glucose-CP + M.MaC-l-PF-6P 

OlusoCc4P Gluconic &id-6-P 

NAD NADH 

No detectable production of glucose-6-P took place even 
at phosphoglucomutase concentrations of 1 mg/mL and 

(19) Lowry, 0. H.; Pasaonneau, J. V. J. Biol. CheM. 1969,244, 910. 
(20) Percival, M. D.; Withers, S. G. Biochemistry in press. 
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Figure 1. Inhibition of phosphoglucomutase by mannose-1-PF. 
(a) LineweaverBurk plot of the inhibition; inhibitor concen- 
trations were 0 (M), 18 (+), 38 (+), and 55 mM (A). (b) Replot 
of the Km, values obtained from (a) versus inhibitor concen- 
tration. 

phosphofluoridate monoester concentrations of 5 mM. 
Under these conditions a phosphorylation rate of a p  
proximately 5 X pmol/min per mg would have been 
detected, which is approximately lo-' times the rate of 
glucose-1-P conversion. The viability of the above assay 
system was demonstrated by the addition of xylose-1-P to 
a similar assay mix when a rapid release of glucose-6-P was 
observed. This is due to the well-known ability of xy- 
lose-1-P to promote hydrolysis of the serine phosphate 
moiety from the phosphoenzyme.21 Absence of inactiva- 
tion in these cases is therefore due to the inability of the 
enzyme to effect phosphoryl transfer to the aldose phos- 
phofluoridate. The possibility of completely bypassing the 
problem of phosphorylation of the substrate by direct 
treatment of the dephosphoenzyme with the aldose 
phosphofluoridate was considered. However, since the 
dephosphoenzyme is known to bind glucose-1-P and glu- 
cose-6-P only very weakly,Zl no attempt was made to in- 
activate the dephosphoenzyme with these phospho- 
fluoridates. 
Glucoee-4,6-cyclic-P-l-P (5) was also tested as a possible 

inactivator of phosphoglucomutase by incubating it with 
the dephosphoenzyme for periods of up to 6 h. Once again 
no time-dependent inactivation of the enzyme could be 
detected, even though in this case no initial phosphoryl- 
transfer step was required. Indeed, when such inactivation 
mixtures were assayed in the absence of glucose-l,6-diP, 
a time-dependent activation of the enzyme was observed 
due to transfer of a phosphate from the glucose-4,6-cycl- 

(21) Ray, W. J., Jr.; Long, J. W.; Owens, J. D. Biochemistry 1976,15, 

(22) Ray, W. J., Jr.; h l l i ,  G. A.; Kirkpatrick, D. S .  J .  Bid. Chem. 
4006. 

1966,241, 2603. 

Table I. Dissociation Constants of Phosphoglucomutase 

inhibitor K; (mM) A A P E  (kJ/mol) 
with Substrate Analogues 

glucose-46-cyclic-P-1-P 0.065 16.3' 
glum-CPF 7 12.1' 
"l-PF 19 11.e 
2-fluoroglucoee-1-PF 17 1 0 9  

"Values calculated from the expression A A P  = RT In (Kl/KJ, 
where T = 303 K, R = 8.314 J/K per mol, K2 is the Ki of the nub- 
strate analogue and Kl is the K, of the corresponding substrate. 
* K,, glucose-1,6-diP = 0.1 pM. glucose-6-P = 57 pM.% K,, 
mannose-1-P = 245 pM.19 e K,, 2-deoxy-2-fluoro-a-D-gluco- 
pyranosyl phosphate = 222 P M . ~  

ic-P-1-P to the dephosphoenzyme. (In the normal inac- 
tivation experiments, glucose-1,6-diP was included in the 
assay mixture: this essentially instantaneously re- 
phosphorylates the enzyme.) A similar effect of reacti- 
vation by rephosphorylation of the dephosphoenzyme has 
been observed previously with 1,3-dipho~phoglycerate.~@ 
The lack of inactivation with glucose-4,6-cyclic-P-l-P 
therefore cannot be due to an ineffective phosphorylation 
step and must result from the inability of the serine hy- 
droxyl to attack the cyclic phosphate. 

Reversible Inhibition. Measurement of the inhibition 
afforded by mannose-1-PF (3) revealed this to be a com- 
petitive inhibitor with respect to substrate glucose-1-P as 
is demonstrated by the double-reciprocal plot in Figure 
la. The replot of the apparent K, values versus inhibitor 
concentrations (Figure lb) allowed calculation of an in- 
hibition constant of Ki = 19 mM. Measurement of precise 
data for glucose-6-PF (1) was extremely difficult due to 
the fact that it is a substrate, albeit poor, for the coupling 
enzyme glucose-6-P dehydrogenase, thus a full determi- 
nation of Ki at a series of concentrations of substrate was 
not carried out. Problems associated with the limited 
quantity of inhibitor available also precluded a full Ki 
determination for 2-fluoroglucose-1-PF (4). In both cases 
the Ki determination was based upon measurement of rata 
at a fixed (9.7 pM = K,) concentration of substrate with 
different concentrations of inhibitor. Results were then 
plotted in the form of a Dixon plot, the Ki value being 
determined from the i n t e d o n  point of the plot obtained 
with the horizontal line drawn through l/V-. In our 
hands we have found this method to give Ki valuea within 
a fador of two of that ultimately determined by a full Ki 
measurement. 

The Ki value for the binding of glucose-4,6-cyclic-P-l-P 
(5) to the dephosphoenzyme was determined similarly by 
measuring the rate at a series of inhibitor concentrations 
while keeping the concentration of glucose-1,6-diP fixed 
at a value (0.1 p M )  near its dissociation constant. Ehidence 
for activation of the dephosphoenzyme by glucose-4,6- 
cyclic-P-1-P also showed up in these experiments at high 
"inhibitor" concentrations as a higher reaction rate than 
expected. 

The values of Ki for each inhibitor and the calculated 
loss of binding energy compared to that of the parent 
substrate are presented in Table I. For these calculations 
the dissociation constant (Kd) of the parent substrate was 
assumed to be equal to its K, as has been demonstrated 
previously for this enzyme.% 

Discussion 
The absence of any detedable inactivation by either the 

phosphofluoridates or the cyclic phosphate is somewhat 

(23) Alpere, J. B. J. Bid.  Chem. 1967,243,1698. 
(24) Alpere, J. B.; Lam, G. K. H. J. Biol. Chem. 1968,244,200. 
(25) Ray, W. J., Jr.; Long, J. W. Biochemistry 1976,16, 3993. 
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surprising in light of previous resulta. In the case of the 
phosphofluoridatea it would seem to be due to the fact that 
these derivatives are not phosphorylated by the enzyme 
at any significant rate, thus the neceesary dephospho- 
enzyme/phosphorylated hexose phosphofluoridate com- 
plex is not generated in significant quantities. Again the 
absence of phosphorylation is surprising given that the 
analogues clearly bind to the enzyme and that the phos- 
phorylation site is relatively remote from the modified 
phosphate site. It is even more surprising given that it has 
been reported previously21 that ~-glucose-6-sdfate, also 
a monoanionic species, is quite efficiently phosphorylated 
by the phosphoenzyme, at almost half the rate at which 
glucose-6-P is phosphorylated. Further, within the work 
reported here it haa been shown that glucose-4,6-cyclic- 
P-1-P can undergo a phosphoryl-transfer reaction with the 
dephosphoenzyme. This is simply the reverse of the same 
phosphoryl-transfer reaction as that which failed with the 
sugar phosphofluoridates, but again with a monoanionic 
phosphate bound at the “remote” site. Reasons for the 
apparent inactivity of these extremely sterically conser- 
vative analogues are not at all clear, especially since other 
acceptors such as lY4-butanediol phosphate and glucose 
are reportedly phosphorylated by phosphoglucomutase.2l 
However, these alternate acceptors are phosphorylated at 
very low rates, approximately 107-109 times slower than 
is glucose-1-P, so it is quite possible that the phospho- 
fluoridate analogues are phosphorylated by phospho- 
glucomutase, but that the rates are too low to be detected 
by the assay used in this study. If small quantities of the 
phosphorylated hexose phosphofluoridate are indeed 
produced during the extended (6 h) incubation of the 
attempted inactivation experiment, they clearly do not 
inactivate the enzyme. This is presumably either because 
the binding of this diphosphate species is too weak to allow 
a sufficient concentration of the complex to form, or be- 
cause the compound is intrinsically unreactive. 

The problem of prior phosphorylation co%d be avoided 
by chemical synthesis of the necessary phosphorylated 
hexose phosphofluoridate. However, this would be an 
extremely challenging synthetic target given the relative 
labilities of phosphofluoridates, and probably not worth 
attempting given that the probability of successful inac- 
tivation was rather low. The alternative synthetic target 
was the more accessible glucose-4,6-cyclic-P-l-P (51, which 
was indeed successfully synthesized. However, once again 
it proved not to be effective as an inactivator, even though 
the correct complex could be formed. There would appear 
to be two likely reasons for the ineffectiveness of this 
inactivator, and also of the phosphofluoridatea if sufficient 
of the potential inactivator had indeed been generated in 
the latter case. One of these is related to the fact that this 
is a Mg2+-dependent enzyme, and the metal ion haa been 
shown previously to coordinate directly to the enzymic 
phosphate in the phosphoenzyme On the basis 
of this, and of recent kinetic studies,n along with ample 
literature precedent for enzyme-catalyzed phosphoryl- 
transfer reactions, it seems likely that the metal ion co- 
ordinates to the transferred phosphate during catalysis. 
It is therefore quite probable that these monoanionic 
phosphate species cannot coordinate the metal effectively, 
thus no phosphoryl-transfer reaction occurs, despite the 
presence of a reactive leaving group (fluoride) in the case 
of the phosphofluoridates. Previous work has indeed 
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shown that the transferred phosphate is in ita dianionic 
form both prior and subsequent to transfer.@ The eecond 
reason relates to the strict conformational requirementa 
of enzymic phosphoryl-transfer reactions. Enzymic 
phosphoryl-transfer reactions are believed to occur via an 
in-line associative mechanism in which the leaving group 
departa from an apical position, in line with the incoming 
nucleophile, with no pseudorotations.29 The constrainta 
of the rigid cyclic phosphate group and the preordained 
binding mode could prevent the correct geometry for 
phosphoryl transfer from being attained. This could also 
be true for the phosphofluoridates, since for covalent 
binding to occur the fluoride leaving group would have to 
be in line with the incoming serine nucleophile, yet the 
enzyme has evolved to bind the substrate with the C-6 
carbon-oxygen bond in line. The efficient inactivation of 
serine proteases by diisopropyl phosphofluoridate is pre- 
sumably a consequence both of ita higher inherent re- 
activity and of fortuitous transition-state interactions of 
the inactivator with the enzyme. Since it is quite unrelated 
in structure to the normal substrates is is lese constrained 
by the binding and stereoelectronic requirements of the 
enzyme active site. 

Study of the reversible binding of the phosphofluoridate 
substrate analogues with phosphoglucomutase reveals that 
a loss of enzymeligand binding free energy (AAGO) of 
approximately 11 kJ/mol occurs on the deletion of a 
negative charge from the substrate’s phosphate functional 
group. A slightly larger value of 16 kJ/mol was obtained 
for the cyclic phosphate analogue of glucoee-lY6-diP. This 
result suggesta that the substrate dianion is the active 
species and is therefore consistent with resulta from NMR 
studies on phosphoglucomutase in which it was reported 
that the tetraanion of glucose-lY6-diP binds to the de- 
phosphoenzyme.28 The strong interaction between the 
dianionic substrate and the enzyme is likely due to the 
presence of three cationic arginine residues that have been 
identified in the active site by X-ray crystallographic 
analysisaW The higher value for AAGO of 16 kJ/mol ob- 
tained for the cyclic phosphate analogue may reflect a 
greater dependence on salt bridge interactions in the de- 
phosphoenzyme/g1ucoee-ly6-diP complex or, more likely, 
either the effect of an unfavorable steric interaction of the 
cyclic phosphate moiety with the enzyme or interference 
with the normal hydrogen bonding interactions at the 
4-hydroxyl. Such effecta are unlikely with the phospho- 
fluoridate analogues since replacement of hydroxyl by 
fluorine is a structurally conservative change and both 
phosphofluoridate and phosphate salta have tetrahedral 
 structure^.^^ The inability of the hexose phospho- 
fluoridates to undergo the initial phosphorylation step by 
the phosphoenzyme suggests that the second negative 
charge of the nontransferred phosphate is even more im- 
portant at the transition state for phosphoryl transfer than 
at the ground state, despite the fact that it is rather remote. 
Indeed a MGO value of at least 40 kJ/mol can be assigned 
to this interaction at the transition state based upon the 
fact that phosphoryl transfer, if it occurs at all, must take 
place at least lo7 times slower than with the parent sub- 
stratea. This value is very large but is quite consistent with 
recent estimates of the contributions of interactions at 
single group to the stability of protein/ligand complexes.u 

(26) Rhw, G. I.; Ray, W. J., Jr.; Markley, J. L. Biochemistry 1984,23, 

(27) Ray, W. J., Jr.; Post, C. B.; Puvathingal, J. M. Biochemistry 1989, 
252. 

28, 659. 

(28) Rhyu, G. I.; Ray, W. J., Jr.; Markley, J. L. Biochemistry lW,24, 
4746. 

(29) Knowles, J. R. Annu. Rev. Biochem. 1980,49,877. 
(30) Lm, Z.; Konno, M.; Abad-Zapatam, C.; Wierenga, R.; Murthy, M. 

R. N.; Ray, W. J., Jr.; Ross”, M. J. Biol. Chem. 1986, 261, 264. 
(31) Corbridge, D. E. C. The Structural Chemietry of Phphonur; 

Elsevier: Amsterdam, 1974. 
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The AAGO value (11 kJ/mol) obtained in this study for 
the deletion of a single charge compares favorably with 
those previously reported for ground-state salt bridge in- 
tera~tions.'*~*~ Such values are not simple to interpret 
in terms of the actual energy of interaction associated with 
the charges within the enzyme/substrate complex since 
changes in other interactions caused by the charge removal 
also have to be considered. In particular, differences in 
hydrogen-bonding energies between the substrate and 
solvent water wil l  be quite significant. Nevertheless these 
numbers are of considerable value since they repreaent the 
true contribution of chargecharge interactions to the 
stability of the complex. 

Percival and Withers 

Experimental Section 
Syntheses. Chemicals were obtained from Aldrich or Sigma 

Chemical Co. DMF was dried by heating over CaH2 and dietilled 
at reduced pressure. Pyridine was dried over and distilled from 
KOH. Tri-n-butylamine was dried and freed of primary amines 
by distillation from p-toluenesulfonyl chloride. Thin-layer 
chromatography of phosphate and phosphofluoridate esters was 
performed using cellulose PEI-F plates (J. T. M e r  Co.) developed 
with an aqueous solution of lithium chloride (1-2 M). Compounds 
were visualized using a dipping solution specific for phosphates% 
followed by development with UV light. The color of phospho- 
fluoridate-containing species developed more slowly than that 
of phosphates, presumably because of the necessity for prior 
hydrolysis to a phosphate. The 31P NMR chemical shifta are 
referenced relative to 85% orthophosphoric acid in D20 and '9 
NMR chemical ahifta relative to CFCl,, signals at higher field being 
given a positive value. NMR spectra other than 'H were measured 
at pH 6.8 in buffer containing 1 mM EDTA and 50% DzO. 

DGlucose 6-[Ammonium phosphofluoridate] (1). The 
general method was that of Wittmaun.98 DGlucose-&[disodium 
phosphate] (1.0 g, 2.8 mmol) was converted to ita tri-n-butyl- 
ammonium salt by dissolving in water and passing through a 
column (4 "C) of Dowex 50W-X8 (H+) resin into an excess of 
tri-n-butylamine. The solvent was evaporated, and the material 
was then further dried in vacuo. The gum was dissolved in DMF 
(10 mL) containing tri-n-butylamine (2.0 mL, 8.4 "01) and 
DNFB (0.60 mL, 4.8 "01) and stirred for 24 h while protected 
from moisture with a calcium chloride guard tube. Diethyl ether 
was added to cloud point and the product precipitated by addition 
of cyclohexylamine (1.1 mL, 10 mmol). After the solvent was 
decanted, the gum was washed well with diethyl ether, and the 
precipitate was dissolved in water, extracted with diethyl ether 
four times, and f d y  lyophilized to yield a gummy yellow solid. 
Dissolution of this material in a minimum volume of methanol 
and precipitation by addition of diethyl ether was repeated three 
times after which most of the color was removed from the pre- 
cipitate. The precipitate was then dissolved in water (500 mL), 
the pH adjusted to 8.0, and the solution applied to a column (1.8 
X 30 cm) of DE52 cellulose at 4 "C which had been previously 
equilibrated with 10 mM ammonium bicarbonate. After the 
column was washed with water (200 mL), the products were eluted 
with a linear gradient ( M O  mM ammonium bicarbonate, 2 L) 
and fractions (20 mL) collected at a flow rate of 2 mL/min. The 
fractions containing the desired product, eluting at a salt con- 
centration of approximately 30 mM, were identified by a 'spotn 
teat for reducing sugars." After pooling the fractions, the buffer 
was removed by repeated lyophilization to yield a mixture of the 
a- and @-anomem of 1 as a pale yellow foam (0.41 g, 1.5 "01, 

78.72 (d, J F ~  = 932 Hz); FAB "a spedrum (M + glycerol) 371. 

53%): = 932, Jp,e+s. =c 6.0 Hz), 2.98 (at, 
Jpp = 932, J p 8 ~  6.0 Hz); '6 NMR S 78.63 (d, J F ~  = 932 Hz), 

NMR 6 2.93 (dt, J p  

AnaL Calcd for C&laO&lPF C, 25.82; H, 5.42; N, 5.02. F d  
C, 25.58 H. 5.55; N. 5.61. 

o-D-lbhtnnopyr&oayl [Bis( cyclohexylammonium) phos- 
phate]. 1,2,3,4,6-Penta-0-acetyl-a-D-mannopyran~~ (18.0 g, 
46 "01) was phosphorylated according to the method of Mac- 
Donald1* and the bis(cyc1ohexyla"onium) salt cryataUized from 
water/acetone to yield colorless crystals (10.6 g 23 mmol,50%): 

(m, 5 H, H-2,3,5,6,6'), 3.58 (t, 1 H, J4 = 9.5, Jla = 9.5 Hz, H-4), 
3.13 (m, 2 H, 2 NH3+CH), 2.00-1.18 &, 20 H, 2 cyclohexyl); 

a-~Mannopyrauosyl [Ammonium phosphofluoridate] (3). 
a-D-Mannopyranosyl [bis(cyclohexyla"onium) phosphate] (1.5 
g, 3.2 "01) was converted to the bis(tributylammonium) salt 
and treated, appropriately scaled, exactly as in the synthesis of 
glume-6-PF. The product was purified by DE52 cellulose 
column chromatography, the fractions containing the desired 
products being identified by a colorimetric away for acid-labile 

Repeated lyophilizetionr, yielded 3 as a white foam 

3.92-3.74 (m, 4 H, H-3,5,6,6'), 3.70 (t, 1 H, J1,3 = 9.5, J4 = 9.5 
Hz, HA); NMR 6 5.79 (dd, J p p  = 940, J P , ~  = 6.7 Hz); 'dNMR 
6 76.00 (d, JFp = 940 Hz); FAB mass spectrum (M + 1) 279, (M + nlvcerol) 371. 

'H NMR 6 5.31 (dd, 1 H, Jlp  = 8.6, J12 1.6 Hz, H-l), 3.95-3.66 

NMR 6 -4.70 (d, Jp,1 = 8.5 Hz). 

(0.49 g, 1.76 "01, 55%): 'H NMR 6 5.51 (dd, 1 H, J p 1  = 6.8, 
J1,2 1.8 Hz, H-l), 4.02 (t, 1 H, J1,2 = 2.0, J2,3 = 2.0 Hki, H-2), 

- -  
Anal. C& for C&lsoBNpF: C, 25.82; H, 5.42; N, 5.02. Found: 

C. 25.64: H. 5.70: N. 5.30. 
. a-D-Mannopyrakosyl [Tri-n -butylammonium] 2,4-Di- 

nitrophenyl Phosphate. A solution of a-D-mannopyranosyl 
[bis(cyclohexylammonium) phosphate] (1.4 g, 2.2 mmol) was 
converted to the bis(tributylammonium) salt and dried as de- 
scribed previously. The dry gum was dissolved in DMF (25 mL) 
containing 2,4-dinitrophenol (4.05 g, 22 "01) and dicyclo- 
hexylcarbodiimide (9.06 g, 44 "01). After the mixture was stirred 
for 2 h under anhydrous conditions, the solvent was evaporated, 
the residue suspended in water, and the mixture extracted four 
times with diethyl ether. After filtration the solution waa lyo- 
philized to yield the crude product: 31P NMR (32.4 MHz, D20) 

2-Deoxy-2-fluoro-a-~-glucopyranosyl [Ammonium phos- 
phofluoridate] (4). 2-Deoxy-2-fluoro-a-~glucopyranosyl [bis- 
(cyclohexylammonium) phosphate]"' (0.205 g, 0.44 "01, con- 
taining 20% Banomer) was treated, appropriately scaled, exactly 
as in the synthesis of glucose-6-PF. DE-52 column chromatog- 
raphy yielded a white powder (0.088 g, 0.30 mmol,68%) but did 
not separate the a- and 8-anomers. a-Anomer (4): 'H NMR 6 

= 48.5, Jza = 9.5, J2,1 = 3.2, Jzp = 3.2 Hz, H-2), 3.98 (dt, 1 If 
J3J7 = 13.1, J3,2 = 9.4, J3,, = 9.4 Hz, H-31, 3.90-3.75 (m, 3 H, 

(d, JF = 942 Hz, fluorophosphate), 192.86 (dd, J F , ~  = 49, Jp,* 
= 13 &, F-2). @-Anomer: 'H NMR 6 5.25 (dt, 1 H, J l p  - 7.5, 

J2, = 7.5 Hz, H-2),3.90-3.75 (m, 4 H, H-3,5,6,6'), 3.48 (dd, 1 H, 

Jp,l = 7.6 Hz); '9 NMR 6 66.96 (d, Jpp = 935 Hz, fluoro- 
phosphate), 192.37 (dd, Jp,z = 51, J F , ~  = 15 Hz, F-2); FAB maaa 
spectrum (M + 1) 282. 

Anal. Calcd for Ca1407NPF2: C, 25.63; H, 5.02; N, 4.98. 
Found C, 25.19; H, 5.17; N, 5.01. 

D-G~UCOS~ [Ammonium 4,6-cyclic phosphate]. D-Glucose 
B(dihydr0gen phosphate) (0.86 g, 3.3 "01) was cyclized according 
to the method of Zmudzka and Shugar? and the product was 
chromatographed exactly as in the synthesis of glucose-6-PF. 
Repeated lyophihtions yielded a colorless foam (0.72 g, 28 m o l ,  
85%): 

6 6.12 (d, Jp,1 6.8 Hz). 

5.75 (dd, 1 H, J1p 6.8, J1Z = 3.6 Hz, H-l), 4.46 (ddt, 1 H, J2 

H-6,6,6'), 3.51 (t, 1 H, J4,3 = 9.5, J4,5 = 9.5 Hz, H-4); "P NMR 
6 5.41 (ddd, J p p  = 940, Jp,1 6.6, Jp2 = 2.7 Hz); '9 NMR 6 66.77 

512 

J4,3 = 9.5, J4,s = 9.5 Hz, H-4); "P NMR 6 5.83 (dd, Jp3 

7.5, J1p = 2.8 Hz, H-l),4.22 (dt, 1 H, J v  = 51.0, Jz 1 zs 7.5, 

942, 

NMR ('H) 6 -5.05, -5.08 (a- and B-anomers). 

(32) Santi, D. V.; Perm, V. A. J. Med. Chem. 1973,16,273. 
(33) Fersht, A. R. J. Molec. Biol. 1972, 64,497. 
(34) Fersht, A. R. Biochemistry 1987,26,8031. 
(36) Burrow, S.; Grylls, F. S. M.; Harrison, J. S. Nature 1962, 170, 

800. 
(36) Wittman, R. Chem. Ber. 1963,96,771. 
(37) Trevelyau, W. E.; Procter, D. P.; Harrison, J. S .  Nature 19SO,164, 

444. 

(38) Wolfrom, M. L.; Thompson, A. In Methods in Carbohydrate 
Chemistry; Whistler, R. L., Wolfrom, M., Eds.; Academic: New York, 

(39) Peck, E. J., Jr.; Ray, W. J., Jr. In Specifications and Cn'ten'o for 
Biochemical Compounds, 2nd ed.; National Council: Waehington, D.C., 
1971. 
(40) Withers, S. G.; MacLennan, D. J.; Street, I. P. Carbohydr. Res. 

1986,154, 127. 

1963; Vol. 2, pp 211-215. 
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a-D-Glucopyranosyl 4,6-Cyclic Phosphate [Tris(ammo- 
nium) phosphate] (5). This is a modification of the method 
of Hanna and Mendocino." A solution of Dglucose [ammonium 
4,6-cyclic phosphate] (0.70 g, 2.73 "01) was converted to the 
pyridinium salt via passage down a Dowex 50W-X8 (H+) resin 
column into a solution of pyridine, and the water was removed 
by evaporation. The gum was further dried in vacuo and then 
successively dissolved in pyridine followed by evaporation of 
solvent three times in order to completely dry the gum. Pyridine 
(6 mL) and acetic anhydride (2 mL) were added, and the mixture 
was stirred for 2 h at room temperature until all the gum had 
dissolved. After reacting at 4 "C for 2 days the solvent was 
removed by evaporation, and the gum was further dried in vacuo. 
After addition of anhydrous phosphoric acid (2.0 g, 20 "01) the 
mixture was heated under vacuum at 55 OC for 2 h, ice-cold 1 M 
lithium hydroxide (60 mL) was added, and the pH was adjusted 
to a value of 11 with further base. The solution was left at room 
temperature for 2 days to saponify the eaters and precipitate exceas 
phosphate, the pH being occasionally readjusted to a value of 11.0. 
After filtration through Celite the pH was adjusted to 8.0 using 
Dowex 50W-X8 (H+) resin and the solution applied to a column 
(1.8 x 30 cm, 4 "C) of DE52 cellulose which had been previously 
equilibrated with 40 mM ammonium bicarbonate. After washing 
with water (200 mL) the material was eluted with a salt gradient 
( 0 . 2 5  M ammonium bicarbonate, 2 L), the desired product 
eluting in a symmetric peak at a salt concentration of approxi- 
mately 0.13 M and identified by colorimetric assay for acid-labile 
phosphate.= After pooling the fractions, the buffer was removed 
by multiple lyophilizations to yield 5 as a white foam (0.32 g, 0.86 
mmol, 31%): 'H NMR 6 5.42 (dd, 1 H, J1,p = 7.0, J1 ,2  = 2.5 Hz, 
H-1), 4.15-3.90 (m, 2 H), 3.72 (t, 1 H, J S , ~  = 9.0, J3.2 = 9.0 Hz, 
H-3), 3.60-3.45 (m, 3 H); 31P NMR 6 4.12 (dd, = 7.2, JP,~ = 
1.5 Hz, P-l), -4.51 (m, P4,& 

Enzymic Methods. Phosphoglucomutase was isolated from 
rabbit muscle according to an isolation procedure kindly supplied 
by Prof. W. J. Ray, Jr., Purdue University. All buffers and 
substrates were obtained from Sigma Chemical Company. In aJl 
cases phosphoglucomutase was preactivated prior to as~aying?~ 
The concentration of phosphoglucomutase solutions used for 
kinetic measurements was determined by measuring the absor- 
bance at 278 nm; a 1% w/v solution having an absorbance of 7.7.= 
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(41) Hanna, R.; Mendocino, J. J. Biol. Chem. 1970,245, 4031. 

Assays for Irreversible Inactivation. Phosphoglucomutase 
(0.6 units/&) was incubated at 30 OC with the phosphofluoridate 
(5 mM), glucoae-1,6-diP (0.1 mM), magnesium chloride (2 mM), 
and EDTA (1 mM) in Tris buffer (25 mM, pH 7-41, plus a control 
in which no inactivator was included. Aliquots were removed at 
time inte~ala  over a total time period of 6 h and diluted into the 
assay buffer detailed below to measure residual enzyme activity. 
Identical conditions were used for the assay of glucose-4,6-cycl- 
ic-P-l-P except that the enzyme was deph~sphorylated'~ prior 
to incubation, and a lower concentration (3.5 mM) of inactivator 
was employed. 

Assays for Reversible Inhibition. Phosphoglucomutase 
activity was determined spectrophotometrically at 30 OC by 
coupling the production of glucoee-6-P to NADPH formation with 
glucose-6-P dehydrogenase. The assay mixture used was 0.4 mL 
aesay buffer, pH 7.4 containing 2.5 mM Trie buffer, 2.5 mM MgCb 
1.3 mM EDTA, 30 pM NADP, 0.4 units/mL of glucose-69 de- 
hydrogenase (Sigma, G5760), and 1.3 pM glucose-1,6-diP. To this 
was added 0.1 mL of phosphoglucomutase (ca 0.006 units/mL) 
in activation buffer, inhibitor (0 to 50 pL) in 25 mM "a, pH 7.4, 
and the total volume made up to 0.6 mL with Tris buffer. These 
reactants were incubated for 10 min in cuvettes in the spectro- 
photometer prior to the initiation of the reaction by addition of 
glucose-l-P. Control experiments were performed to ensure that 
none of the reagents was present in rate-limiting quantities and 
that the observed rate was not limited by the rate of anomerisation 
of glucose-6-P. Concentrations of glucose-l-P and inhibitor em- 
ployed were as follows: mannose-l-PF (0,18, 38,55 mM), glu- 

24 mM), glucose-l-P (97 pM); 2-fluoroglucose-l-PF (0,4,8,12, 
16 mM), glucose-l-P (9.7 pM); glucose-4,6-cyclic-P-l-P (0, 5.6, 
56,175,280 pM), glucosel-P (70 pM, glucose-1,6-diP (0.1 pM). 
Values of K- and Ki were determined by weighted linear re- 
gression analysis of the data according to Wilkinson.'s 
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