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The difference between the strong inhibition of retaining P-glucosidases by the tetrazole 1 and the weak 
inhibition by the triazole 3 has been explained by the protonation by the enzymic catalytic acid of N(3) of 1, 
replaced by CH in 3. One also expects a contribution to the inhibition from the charge-dipole interaction between 
the enzymic catalytic nucleophile and the azole ring. The extent of this contribution was estimated from the 
calculated, distance-dependent heats of formation of the acetate-azole complexes. The calculations were validated 
by comparison of the charge-dipole interaction between phosphate and the inhibitors 1 and 3 in the glycogen 
phosphorylase b (GPb)-azole-phosphate complexes, as  derived from differences in the Ki values for 1 and 3, while 
the structural invariance of the complexes was demonstrated by X-ray analysis. The difference between the 
charge-dipole interactions of (dihydrogen)phosphate and 1 or 3 as derived from dK, is 1.1 kcal mol- ' ,  while the 
calculated difference is 1.3 kcal mol-'. The calculated difference for the interaction of 1 or 3 with acetate, 
representing the catalytic nucleophile in P-glycosidases, is 2.0 kcal mol-', while the differences of the binding 
energies as  derived from the K, values for the inhibition by 1 or 3 of different /l-glycosidases range from 
2.4 to 5.3 kcal mol- '. The calculated difference for 1 and the imidazole 6 is 2.5 kcal mo1-l in favour of 1, whereas 
the Ki-derived difference is 3.7 kcal mol- '  in favour of 6 ,  equal to the calculated difference between 1 and the 
protonated imidazole 6 .  Thus, protonation by the catalytic acid and the charge-dipole interaction with the catalytic 
nucleophile contribute cooperatively to the binding of inhibitors possessing a trigonal anomeric centre bonded to 
a heteroatom. 

Introduction. - The observation that the gluco-tetrazole 1 and the 1,2,4-triazole 2, but 
not the isomeric 1,2,3-triazole 3, are strong competitive inhibitors of several retaining 
fi-glucosidases is relevant to a detailed understanding of the inhibition of glycosidases by 
transition-state analogues, and thus of the mechanism of action of these enzymes [I -41. 
The inhibition of /?-glycosidases by the azoles 1, 2, or 3 correlates with the presence or 
absence of an N-atom (N(1) of 1) corresponding to the glycosidic (=  anomeric) 0-atom 
(cf. Fig. 1) [l-41. The differences have been rationalized by postulating that a partial 
proton transfer from the catalytic acid (AH) to the doubly occupied, nonbonding orbital 
of N(1) is a prerequisite for strong inhibition [l]. 

Given the transition-state-analogue character of the tetrazole 1 l )  and most probably 
of the triazole 2, H-bond donation to these inhibitors and protonation of the substrate 
In the course of the enzyme-catalysed reaction should be similar to each other. Since these 
Inhibitors can only be protonated in the plane of the ring, but not perpendicularly to it, 

' 1  As shown for the Agrobacreriurn farcalis /l-glucosidase [ S ] .  
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Fig. 1. Transition-state analogue inhibitors of p-glycosidases showing the numbering system used, with the merha- 
nism and inhibition by 1 of a) retaining P-glycosidases and b) glycogen phosphorylase b 

the same should be valid for the substrates of those retaining P-glycosidases that are 
strongly inhibited by 1 and 2, and (by extrapolation) analogous inhibitors possessing an 
sp2-hybridized heteroatom at the anomeric centre, but not by related compounds lacking 
this heteroatom (Fig. 1,a) [l]. This implies that the catalytic proton donor must be 
located close to the mean plane of the pyranoside ring. This has now been confirmed by 
the crystal structures of several glycosidase-ligand complexes [6- 81. 

Partial proton transfer, however, cannot be a factor in the inhibition of retaining 
P-glycosidases by permanently charged inhibitors, such as the amidinium acetates 4 and 
5 [9]; charge-charge interaction with the catalytic nucleophile (B-) must be responsible 
for the inhibition by such salts. 

This raises the questions to which extent a charge-dipole interaction between the 
catalytic nucleophile B- and an azole contributes to the inhibition and hence to the 
differences in the inhibition by 1 and 2 vs. 3, and to which extent partial protonation of 
1 ,2 ,  and the related imidazole 6 [4][10] enhances the charge-dipole interaction with B-,  
ultimately transforming it into a charge-charge interaction. Such a cooperative effect 
between H-bonding and the interaction with the catalytic nucleophile could explain the 
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increasing strength of the inhibition of several glucosidases by the tetrazole 1, the 
triazole 2, and the imidazole 6, and similarly of related mannosidases and galactosidases 
by the corresponding diastereoisomeric azoles (cf. Table I )  [5]  [l 11. 

Table 1. Inhibition of Sweet Almond fi-Glucosidase and Glycogen Phosphorylase b (GPb) by the Azole Inhibitors 1-3 
and 6 

Inhibitor X;(fi-glucosidase)/p K,(GPb/phosphate)/FM K,(GPb/GlclP)/pM 

1 150a) [3] 53 b, "4 700a) [9] 

3 > 8000') [2] 540 b, 2500") 
2 1 9 ~ )  [51 8100b) -d) 

6 0.35a) [4] 9700 b, -d) 

") Competitive. b, Uncompetitive. ') No inhibition. d, No inhibition at concentrations of inhibitors varied from 
0.1 to 5 mM in the presence of 3 mM GlclP, 1 mM AMP, and 1 % of glycogen. 

We wished to learn about the energy of such a charge-dipole interaction, and about 
the extent to which it is enhanced by H-bonding to the azole ring. This energy may be 
calculated, but in view of the uncertainty regarding the dielectric constant in the active 
site, such calculations need to be validated. For. this, we planned to refer to the similar 
charge-dipole interaction that has been postulated to occur between the tetrazole 1 and 
a (hydrogen- or dihydr0gen)phosphate to explain the observation that 1 inhibits glyco- 
gen phosphorylase b (GPb)2) much more strongly in the presence of phosphate 
(Ki = 5 3  FM) than in its absence (Ki = 700 p ~ )  (cf. Fig. I,b) [12]. We intended to compare 
calculations of the charge-dipole interaction between the phosphate group and 1 or 3 
bound to GPb with kinetic data on the inhibition and with structural information. This 
should validate the calculations and confer a reasonable degree of confidence to similar 
calculations, using acetate in place of phosphate, to learn about the charge-dipole inter- 
action in retaining b-glycosidases. A comparison of the action of a retaining p-glucosi- 
dase and GPb indeed shows that the formation of the C(1)-0 bond leading to a glucosyl 
phosphate (Fig. I ,b) is similar to the formation of the C(1)-0 bond leading to the 
glycosyl ester (Fig. I ,  a). X-Ray analysis of the ternary complex [GPb-tetrazole l-phos- 
phate] has shown a close contact (3.1 A) between the proximal 0-atom of the phosphate 
residue and the 'anomeric' C-atom (C(8a)) of 1 [12] (cf. Fig. 1,b)3) .  Moreover, the 
complex shows clearly that there is no amino-acid side chain corresponding to the proton 
donor in fl-glycosidases and, therefore, no H-bond donation to the N-atom in the 
'glycosidic' position of the inhibitor4). Thus, the GPb complex provides a model system 

2, Abbreviations: GP, glycogen phosphorylase, 1,4-a-o-glucan :orthophosphate a-glucosyltransferase 
(EC 2.4.1 . l ) ;  GPb, glycogen phosphorylase b; GPa, glycogen phosphorylase a ;  PLP, pyridoxal5'-phosphate; 
Glcl P,  a-D-glucose 1 -phosphate; UDP-Glc, uridine 5'-diphosphate a-o-glucose; heptulose-2-P, 1-deoxy-D- 
gluco-heptulose 2-phosphate; BES, N,N-bis(2-bydroxyethyl)-2-aminoethanesulfonic acid; DTT, dithio- 
threitol; r.m.s., root-mean-square. 
The arrangement of the phosphate anion and the tetrazole is structurally very similar to the arrangement 
between the catalytic nucleophile and the substrates or inhibitors proposed in our models [l] and confirmed 
by crystal-structure analyses by other groups 16-81. 
This is in keeping with the evidence that, for the cleavage of glycogen by GPb, phosphate plays both the roles 
of the catalytic acid and of the catalytic nucleophile, and that no acidic function of the enzyme is directly 
involved in the protonation of glycogen [13][14]. 

3, 

4, 
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in which differences in the charge-dipole interactions for 1,2,3,  and 6 can be investigated 
in the absence of differences in the enzyme-azole-N( 1) H-bonding. 

We now report the results of the energy calculations for the charge-dipole interactions 
between hydrogen- or dihydrogenphosphate and the tetrazole 1, the isomeric triazoles 2 
and 3, and the imidazole 6, the validation of these calculations, and the results of similar 
calculations using a carboxylate anion in place of phosphate. 

Results and Discussion. - Kinetic Studies. Triazole 3 acts as an uncompetitive inhibitor 
of the enzyme with respect to phosphate, with a Ki value of 540 J ~ M .  Lineweaver-Burk 
plots of the kinetic data for the inhibition of GPb by 3 in the presence of varying 
concentrations of phosphate, assayed in the direction of glycogen breakdown, are shown 
in Fig. 2. The compound is 10 times less effective than the tetrazole 1 (Ki  = 53 J ~ M )  [12]. 
Competitive inhibition was observed when GPb was assayed in the direction of glycogen 
synthesis, with varying concentrations of GlclP. A Ki of 2.5 mM was obtained. Uncom- 
petitive inhibition was also observed with the azole inhibitors 2 and 6, with Ki values 
more than 10 times higher than that of the triazole 3 (Table f). The difference in binding 
energy d E ,  as derived from the difference between the Ki values of the tetrazole 1 and 
the 1,2,3-triazole 3 thus amounts to 1.3 kcal mo1-l 

0.4 

0.3 

- 
F 
E 
b 0.2 

C .- 

I E, 
5 . r 

0.1 

0.0 

0.0 0.2 0.4 0.6 0.8 1 .o 
l/[Phosphate] [rnM-'1 

Fig. 2. Kinetics of triazole 3 inhibition of' GPb with respect ro phosphare in rhe direcrion i7/,qlyc'o,qen breakdown: 
Double reciprocalplots ofinitial reaction velocity vs. phosphate (1, 2, 4, 6, 8, 12, and 16 mM) at constanr concenrra- 
tions of A M P  (1  mM) andglycogen (0.5%). Triazole concentrations were as follows. 0 (O), 0.2 (a), 0.4 ( A ) ,  
0.7 ( A ) ,  and 1.1 mM (0). Best fit lines were computer-generated according to the equation for uncompetitive 
inhibition (GrdFit) by fitting all of the data at once. The kinetic parameters determined by this method are as 
follows: K,,, = 1.88 f 0.12 mM, v,,, = 25.0 & 0.5 po l /min /mg ,  K, = 0.54 0.02 mM. Inset: Fit of the calculated 

lines to the initial rate measurements. 
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The weak, uncompetitive inhibition of GPb by the 1,2,4-triazole 2 and the imida- 
zole 6 shows that they do not interact significantly with the active site of this enzyme. 
Both azoles have C H  in the position of N(l)  of 3 (equivalent to N(3) of l),  which makes 
close contact with Leu-136 (a H-bond to the backbone NH,  and van der Wuals contacts 
with the isopropyl side chain) in the crystal structures of the [GPb-tetrazole-phosphate] 
and [GPb-triazole 3-phosphate] complexes (see below; cf Fig. 3) .  Therefore, the inhibi- 
tion of GPh by 2 and 6 was not considered for the validation of the calculations. 

Crystallographic Studies. The crystal structure of the [GPb-triazole-phosphate] com- 
plex at 2.3-A resolution5) shows that the triazole and phosphate are bound at the 
catalytic site, consistent with the kinetic observations. The triazole fits neatly into the 
catalytic site, and the inhibitor exploits numerous contacts (Fig. 3) .  The conformation of 
the triazole is close to that observed in the uncomplexed triazole single-crystal structure 
[I]. 

Fig. 3. Contacts between the triuzole 3, phosphutr. und enzyme groups at the cutul.vtic sitc of  T state GPb 

Comparison of the structure of the [GPb-triazole-phosphate] complex with that of 
the room temperature [GPb-tetrazole-phosphate] structure (2.4 A) (PDB code: 1 NOJ) 
and of the 100-K [GPb-tetrazole-phosphate] structure (1.7 A) (PDB code: INOK) [I21 
shows that the positions of the Ca-atoms (excluding mobile regions with B factors greater 
than 60 A2) deviate from their mean positions by 0.375 and 0.326 A, respectively, indi- 
cating that these complexes are quite similar in their overall conformation within the 
limits of the 2.3 A resolution. In particular, in the [GPb-triazole-phosphate] complex, the 

’) Coordinates have been deposited with the Prolein Da/u Bunk, Brookhaven National Laboratory, Upton NY 
11973 ( P D B  ID code: IAXR). 
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280s loop, Arg-569, and His-571 are almost in the same position as in the [GPb-tetrazole- 
phosphate] complex. A comparison of the position of the triazole 3/phosphate and the 
tetrazole l/phosphate at the catalytic site is shown in Fig. 4. The atoms of these complex- 
es are almost exactly superimposed. In other words, the replacement of N(3) of the 
tetrazole 1 by CH has no significant effect on the structure of the enzyme in the complex 
at the 2.3-A resolution (estimates of the precision of coordinates taken from previous 
studies indicate errors of the order of 0.2 8, [15]). 

Fig. 4. Comparison between the T-stale [GPb-rriazole-phosphate] (red) and rhe T-stare [GPb-relrazole-phosphure] 
(green) complexes a1 the curalyric sire 

Previous X-ray crystallographic studies on muscle glycogen phosphorylase have led 
to a detailed description of the catalytic, nucleoside, and allosteric sites [16-181. The 
catalytic site is located at the centre of the molecule, ca. 12 8, from the surface, and close 
to the essential pyridoxal-phosphate cofactor. Access to the catalytic site is via a channel, 
and in the T state, the channel is partly blocked by the 280s loop. Conversion of the 
T-state GPb to the R state results in several changes at the catalytic site, which include 
a displacement of the 280s loop (residues 282-286) that allows access to the catalytic site 
and the replacement of Asp-283 by Arg-569. The nucleoside inhibitor site is located at 
the entrance to the catalytic-site channel some 12 A from the catalytic site. Ligands which 
bind at this site (e.g., aromatic compounds such as caffeine) intercalate between the 
aromatic side chains of Phe-285 and Tyro-I3 and partially block access to the catalytic 
site. Binding at this site stabilizes the geometry of the 280s loop occurring in the T state. 
No triazole was bound at this site, consistent with previous results which suggest that 
substrate GlclP-like inhibitors such as UDP-Glc or heptulose-2-P promote the R-state 
conformation of the enzyme by causing disruption of the nucleoside inhibitor binding 
site, since the 280s loop, containing Phe-285, must move to accommodate substrates or 
R state substrate analogues [19] [20]. The allosteric site is situated at the subunit-subunit 
interface of the dimeric molecule and is some 30 8, from the catalytic site. The site, which 
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is composed of 2 arginine residues, Arg-309 and Arg-310, and a more distant arginine, 
Arg-242, recognizes a variety of phosphorylated compounds (such as AMP, IMP, ATP, 
Glc6P, NADH, and inorganic phosphate) that may either activate by promoting the 
R state or inhibit by promoting the T state. 

There is little overall conformational change in the tertiary structure of GPb on 
binding the triazole and phosphate. The r.m.s. difference in Ca-atoms with respect to the 
100-K native GPb structure (2.0 8,) with MPD used as a cryoprotectant (Gregoriou et al., 
unpublished results) is 0.314 8, if those residues that are mobile with B factors > 60 8,’ 
are omitted. Although this value is small, there are large local conformational changes 
that represent the changes upon the T to R transition. The major conformational changes 
on binding the triazole and phosphate occur in the vicinity of the catalytic site. Thus, the 
280s loop, which blocks access to the catalytic site in the T state, alters its conformation 
resulting in substantial rearrangements in the side chains of Asp-283 and Asn-284. 
Arg-569 occupies the position close to that occupied by Asp-283 in the T state, and the 
interchange between an acidic and a basic group helps to create the substrate phosphate 
recognition site. His-571, which, in the native enzyme, makes contact with the 280s loop 
through Asp-283, shifts to make a H-bond to the newly positioned side chain of Asp-283. 

Phosphate was also found at the allosteric effector recognition site. In the [GPb-tri- 
azole-phosphate] complex, Arg-309 shifts its side-chain conformation to make the con- 
tact with the phosphate, a shift that is also observed on binding phosphorylated com- 
pounds. The interactions between phosphate and the phosphorylase allosteric effector 
site are dominated by charge-charge interactions between the phosphate group and 
arginine residues Arg-309 and Arg-310 (data not shown). At the allosteric site, there are 
no other significant differences in amino-acid side-chain positions, and the residues 
remain in their T-state conformation. 

Semi-Empirical Calculations. The interactions between each inhibitor (1, 2, 3, or 6 )  
and a phosphate ion (see below) were modelled semi-empirically using AM1 [21]. Initial 
minimization of each inhibitor alone gave structures in close agreement with the X-ray 
analyses of the tetrazole 1 [2], 1,2,3-triazole 3 [I], and imidazole 6 [4]. The calculated 
LUMO energies6) of the azoles 1,2,3,  and 6 follow the expected sequence (Table 2) .  For 
each azole, the largest coefficient of the LUMO is at the ‘anomeric’ C-atom (C(8a) for 
1 and 2; C(3a) for 3), except for the imidazole, for which the coefficients of the LUMO 
are approximately equal for C(3) and C(8a). The potential energy for the interaction 
between phosphate and the inhibitor was simulated by reducing the distance between the 
proximal phosphate 0-atom and the ‘anomeric’ C-atom (0. . . C(‘anomeric’)) by incre- 
ments of 0.1 A, and determining the heat of formation of each complex (see Fig. 5). In 
the enzyme, the phosphate ion is involved in a number of H-bonds and electrostatic 
interactions which partially neutralize the negative charge. To reproduce this situation as 
closely as possible, the phosphate was modelled as either a hydrogenphosphate or a 
dihydrogenphosphate ion. In each case, a minimum of constraints were imposed on the 
system, such that the H-bond between HO-C(2) (carbohydrate nomenclature) of the 
inhibitor and the phosphate was conserved, and the proximal phosphate 0-atom ap- 
proached the ‘anomeric’ C-atom perpendicularly to the ring plane of the inhibitor, as 
observed in the crystal structures of the ternary complexes [GPb-tetrazole 1-phosphate] 

6 ,  The energy of the charge-dipole interaction is expected to correlate with the energy of the LUMO 
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and [GPh-triazole 3-phosphate]. The energy of the interactions between either hydrogen- 
phosphate or dihydrogenphosphate and each inhibitor is characterized by a typical 
Lennard-Jones potential (Fig. 5,a and h ;  Table 2). Since the resulting potential-energy 
curves are derived from differing heats of formation, they were normalized to zero at 
distance 0 .  . . C(‘anomeric’) of 4.0 A to allow a comparison of the interaction energies 
of the inhibitors. 

Table 2. Results oJAMI Calculations Jiv the Charge-Dipole Intrrac.tion betueen HPO: ~, H,PO,, or CH,CO; and 
the A x l e  Inhibitors 1-3 and 6 

Inhibitor E,,,,,/kcal HPO: ~ H,PO, CH,CO; 
m o l ~  I 

La) Kb) 4 7  Em,,=) A E, 

1 -0.298 -8.6 (2.7) 0 -2.8 (3.1) 0 -4.6 (2.6) 0 
2 0.156 -7.8 (3.0) + 0.8 -2.0 (3.2) f 0 . 8  -3.0 (2.8) f 1 . 6  
3 0.111 -6.6 (3.0) + 2.0 -1.7 (3.2) +1.1 -2.6 (2.9) +2.0 
6 0.788 -5.9 (3.1) + 2.7 -1.1 (3.4) f 1 . 7  -2.1 (3.0) +2 .5  

- - - - 6 , H f  -4.492 -8.3 (2.7) -3.7 

”) Values in parentheses give the distance in A between the proximal 0-atom and the ‘anomeric’ C-atom at  Em,, . 
b, AE,  gives the difference between the energy minima (EmIn) of 1 and the other azoles. 
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Fig. 5. Plors of porential energy against the distance between the proximal 0-atom and the ‘anomeric’ C-atom for 
a) H P O i - ,  b) H,PO;, and c )  CH,CO; and the indicated azole inhibitors 1, 2, 3, and 6 

With dihydrogenphosphate, the energy minimum (Emin) occurs at distance 
0 .  . . C(‘anomeric’) of 3.1 A for the tetrazole 1, at 3.2 8, for the triazoles 2 and 3, and at 
3.4 A for the imidazole 6. With hydrogenphosphate, the tetrazole 1 shows its strongest 
interaction at 2.7 A, the triazoles 2 and 3 at 3.0 A, and the imidazole 6 at 3.1 A. The 
distance 0.  . . C(‘anomeric’) of 3.1 -3.2 0.2 A for 1 and 3 in the two X-ray structures 
is hence better reproduced at the energy minima of the dihydrogenphosphate potential- 
energy curves. Among the inhibitors 1-3 and 6, the tetrazole 1 shows the strongest 
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interaction with either hydrogen- or dihydrogenphosphate. The 1,2,4-triazole 2 shows 
similar behaviour to the 1,2,3-triazole 3. The weakest interaction energy both with 
hydrogen- and with dihydrogenphosphate is found for the imidazole 6 .  

The difference of binding energy AE, (1.3 kcal mol-', see above) is approximately 
equal to the difference AE, of 1.1 kcal mol-'  obtained by subtracting the two dihydro- 
genphosphate potential-energy curves 7, for the interaction of phosphate with the in- 
hibitors 1 and 3. As the two inhibitors are bound in the same way (within the limits 
of the resolution), the difference in binding energy AE, should be equal to the calcu- 
lated AE,.  The difference between the two A E  values is within the limits of the level of 
the calculation and of the precision of the kinetic measurements. We conclude that the 
calculations yield significant results. 

Under the same geometric constraints, the interactions between each inhibitor and 
the carboxylate nucleophile of P-glycosidases were modelled using an acetate ion in place 
of phosphate. A similar energy-distance relation for the charge-dipole interaction is 
observed (Fig. 5,c). The potential-energy minimum occurs at 2.6 8, for the tetrazole 1, 
and at  2.8-3.0 8, for the triazoles 2 and 3 and the imidazole 6 .  Among the neutral azoles, 
the interaction energy is again strongest for the tetrazole 1 and weakest for the imida- 
zole 6 ;  AE, for the tetrazole 1 and the triazole 3 is 2.0 kcal mol-' .  This compares with 
differences in P-glycosidase binding energies AE, of 2.4-5.3 kcal mol-' for 1 and 3 and 
their manno-diastereoisomers [l]. Thus, the charge-dipole interaction accounts for some 
but not all of the difference in binding affinity. 

The calculated difference AE, for the tetrazole 1 and imidazole 6 is 2.5 kcal mol-' 
in favour of 1, but the difference in binding energy AE, is 3.7 kcal mol-' in favour 
of 6 (Table I ,  [4]), which means that H-bonding must play a major role in the binding 
of 6 .  Indeed, protonation of the imidazole 6 considerably lowers its LUMO (by over 
4 kcal mol-'), and the interaction of acetate with the imidazolium cation is 3.7 kcal 
mol-' stronger than with the neutral 1. This evidences the cooperative effect on the 
inhibition of the H-bond between N( l )  and the catalytic acid (AH) of the glycosidase, 
and the charge-dipole (charge-charge) interaction between the inhibitor and the catalytic 
nucleophile (B-), as depicted in Fig. 1,a. In other words, the stronger the H-bonding 
interaction with AH in the a-plane of the azole, the more the LUMO energy is lowered, 
and the stronger becomes the charge-dipole interacton with B- in the n-plane. This 
means that, for P-glycosidases, the Ki values cannot be taken as a measure of the 
individual contributions of the proton transfer and the dipolar interaction. 
, The azolopyridine inhibitors have thus allowed enzyme-inhibitor interactions to be 
delineated by systematic variation of the strength of the H-bond (including its elimina- 
tion) between the catalytic acid and the inhibitor. The combined interactions are likely 
to be responsible for the binding of other inhibitors with a trigonal anomeric C-atom 
bonded to a heteroatom, such as glyconolactones [22], the related lactams [23] and 
hydroximolactams [24] [25], and other analogues. 

We wish to acknowledge the assistance of the staff at ELETTRA,  Trieste, Italy, in X-ray data collection, Prof. 
L. N.  Johnson for critical advice, and the final year project students S. Avlonites and D. Katharios for contributions 
to the kinetic experiments. This work was supported by the Swiss National Science Foundation and E: Hoffmann-La 
Roche Ltd., Basel (TD.H.  and A. K )  and the Greek GSRT (PENED-225) and EU contract ERB FMGE CT95 0022 
through minor grant 209/96 (N.G.O.). 

'1 As compared to 2.0 kcal mol- for the hydrogenphosphate curves. 
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Experimental Part 

General. AMP, Glcl P (dipotassium salt), glycogen, NADP, glucose-6-P dehydrogenase, glucose 1,6-diphos- 
phate, and other chemicals were obtained from Sigma Chemical Co. Oyster glycogen was freed of AMP by the 
method of Helmreich and Cori [26]. Rabbit phosphoglucomutase, purchased from Sigma as  a suspension in 2 . 5 ~  
ammonium sulfate, was dialysed against 60 mM fi-glycerophosphate, 4.5 mM EDTA, 3 mM DTT buffer (pH 6.8) 
just before use. Glycogen phosphorylase b was isolated from rabbit skeletal muscle according to Fischer and Krebs 
[27] using 2mercaptoethanol instead of L-cysteine. and recrystallized at least 4 times. Bound nucleotides were 
removed from the enzyme as described [28]. Protein concentration was determined from absorbance measurements 
at 280 nm using an absorbance index A :"r", = 1.32 [29]. 

Kineric Sfudies. Phosphorylase activity in the direction of glycogen breakdown was carried out using the 
auxiliary assay system as  described by Helmreich and Cori [26] with some modifications. The final reaction 
mixtures were 0.3 ml and contained phosphorylase b (1.2 pg), glucose-6-phosphate dehydrogenase (4 pg), phos- 
phoglucomutase (10 pg), 1 mM NADP, 1 p~ glucose 1,6-diphosphate, 20 mM lti-imidazole, 2.4 mM fi-glyc- 
erophosphate, 10 mM 2-mercaptoethanol, 0.3 mM EDTA, 0.1 mM DTT, 10 mM magnesium acetate, 1 mM AMP, 
0.5% of glycogen, and a range of concentrations of phosphate and inhibitors (pH 6.8 and 30"). Enzyme, AMP, 
and glycogen were preincubated for 15 min at  30", before the reaction was initiated by adding the above mixture. 
The reaction was stopped by addition of sodium dodecyl sulfate to reach a final concentration of 0.1 %, at  times 
selected to secure linearity of the assay. NADPH formed in the reaction was measured at 340 nm. A molar 
extinction coefficient of 6220 M -  I cm- I for NADPH at 340 nm was used in the calculations. Phosphorylase 
activity in the direction of glycogen synthesis was measured at 30" and pH 6.8 with 5 pg/ml of enzyme, 1 mM AMP, 
1 % of glycogen, a t  a range of concentrations of Glcl P (3-20 mM) and inhibitor (1 -5 mM) in 20 mM 8-glyc- 
erophosphate, 1.5 mM EDTA, and 1 mM DTT buffer. The enzyme was preincubated with glycogen for 15 min at  
30" before the reaction was started by adding Glcl P.  Inorg. phosphate released in the reaction was determined, 
and initial reaction rates were calculated from the pseudo-first-order reaction constants as described [30]. Kinetic 
data were analysed by the use of the nonlinear regression program GraFit [31]. 

Crysta/liza/ion and Dafa  CoNerrion. Native T-state GPb crystals were grown as described [32] in a medium 
consisting of 27-28 mg/ml of GPb, 1 mM spermine, 3 mM DTT, 10 mM BES, 0.1 mM EDTA, and 0.02% of sodium 
azide (pH 6.7,16"). The crystals belong to the tetragonal space group P4,2,2 (a = b = 128.5 A, c = 116.3 A), with 
a single phosphorylase monomer in the asymmetric unit. Just before data collection, crystals were soaked in a soh .  
containing 5 mM triazole 3, 50 mM sodium dihydrogenphosphate, 10 mM BES, 0.1 mM EDTA, and 0.02% of 
sodium azide at pH 6.7 for 1 h. Crystals were then transferred to 10 mM BES, pH 6.7, soh. containing 5 mM 
triazole, 50 mM sodium dihydrogenphosphate. and 25 YO of MPD as a cryoprotectant and soaked for a few seconds 
prior to mounting in a loop (made out of a single angora wool fibre) and flash frozen with an Oxford-Crpsystems 
cooling device operating with N, gas at 100 K .  There were small changes in unit-cell dimensions on cooling, 
resulting in volume changes of 3-4% compared with native crystals from which data were collected at r.t. Data 
were collected from a single crystal of GPb prepared as above using a 18-cm diameter M A R  Research image plate 
system which was mounted on the beamline X-ray diffraction (2 1 .O A) at ELETTRA, Trieste, Italy. The crystal 
to detector distance was set at 163 mm to give a maximum resolution of 2.0 8, at the edge of the detector. 
Reflections were indexed and integrated with the program DENZO [33] and were scaled using SCALEPACK 1331. 
Subsequent calculations were carried out using the CCP4 package j34]. 

Strucfure Refiizement. Refinement of the [GPh-triazole-phosphate] complex was performed with XPLOR [35]. 
A set of reflections (10%) were held aside before refinement to monitor a free R factor [36]. The starting structure 
was the 2.4-A-refined structure of the T state [GPh-tetrazole-phosphate][12] ( P D B  code: 1NOJ) comprising 
residues 14 to 842 and 389 H,O molecules and with tetrazole and phosphate removed. Rigid body (1 5 steps), least 
squares conjugate gradient refinement (100 cycles, tolerance 0.05 A) and restrained individual B factor refinement 
(60 cycles, target standard deviations of 1.5 A' for 1-2 atom pair and 2.0 A' for angle atom pairs) followed by 
simulated annealing, heating the structure to 3000 K and cooling to 300 K with a time step of 0.25 fs and a total 
time 0.7 ps resulted in a drop in R value from an initial 41.8% to 21.6%. At this stage, difference Fourier maps 
were calculated with SIGMAA-weighted (6 - F,) and ( 2 6  - F,) coefficients [37] and the structure analysed with 
0 [38]. Using PEAKMAX (from the CCP4 suite of programmes [34]), the (6 - F,)  map was searched for peaks 
greater than 3.5 u. The difference density indicated binding of triazole and phosphate at the catal. site and 
phosphate at the allosteric site. The maps also indicated that the side chain of Arg-309 had shifted into the 
allosteric site in order to contact the phosphate. A model of the triazole 3 [l]  was fitted to the density a t  the catal. 
site, as  was phosphate a t  both catal. and allosteric sites. Further H,O molecules were determined and the peaks 
screened for likely H-bonds. A total of 11 1 new H,O molecules were added to the model making a total of 500. 
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Several side chains and some main-chain atoms were adjusted, and refinement was continued with simulated 
annealing, heating the structure to 1000 K,  and cooling to 300 K with a time step of 0.25 fs and a total time 0.7 ps, 
further conjugate gradient minimization (40 cycles), overall B factor refinement (15 cycles), and restrained B factor 
refinement (20 cycles) to give an R value of 20.3%. The free R value, used as a statistical cross-validation 
diagnostic for assessing improvement during refinement, fell to  27.6 %. The X-ray data collection statistics and 
refinement results are shown in Table 3. Estimates of the precision of coordinates taken from previous studies 
indicate errors of the order of 0.2 8, [I 51. The average B factors for main and side-chain atoms and H,O molecules 
were 34, 36, and 40 A, resp. Residues where B factor values exceeded 60 8,’ included 14-22, 210-211, 250-262, 
313-325, 554-556, and 831 -842. A correction for the bulk solvent was not applied, and the low-resolution cutoff 
was 8 A. The omission of low-resolution terms may account for the low electron density for parts of the molecule 
noted as being poorly ordered. However, these same residues are also poorly ordered in the structure of the native 
enzyme where low-resolution terms and a bulk-solvent correction were included in the refinement [I 51. 

Table 3. Statistics of Data Collection, Processing, and Refinement for (GPbJ-Triazole-Phosphate] Complexa) 

Cell dimensions 
No. of reflections measured 271090 
No. of unique reflections 37906 
Resolution 15-23 8, 

( I /u ( I ) )  (outer shell 2.34-2.30 A) 9.4 (2.9) 
R,(I) (outer shell 2.34-2.30 A) 0.097 (0.258) 
No. of reflections used in refinement 
(8.0-2.3 A, F > 2u) 35849 
No. of protein atoms 6757 
No. of H,O molecules in final cycle 500 
No. of ligand atoms 24 
Initial R factor (R,,,,) [%]  41.8 (42.0) 
Final R factor (R,,,,) [YO] 0.203 (0.276) 
R.m.s. deviation in bond lengths 0.008 8, 

1.44” 

a = h = 126.72 A, c = 115.59 8, 

Completeness (outer shell 2.34-2.30 A) 89.8 Yo (76.1 Yo) 

R.m.s. deviation in bond angles 

”) Merging R, is defined as R, = xtxhl(Ih) - I , h l / ~ t x h I t h ,  where ( I h )  and Iih are the mean and the ith 
measurement of intensity for reflection h, respectively. a(I) is the standard deviation of I. Crystallographic 
R factor is defined as R = x 1 151 - I F , /  l/xlF,l, where 151 and IF,i are the observed and calculated 
structure-factor amplitudes, respectively. R,,,, is the corresponding R value for a randomly chosen 10 % of 
the reflections that were not included in the refinement 

Analysis of Structure. The structure was analysed, and H-bonds were assigned if the distance between the 
electronegative atoms was less than 3.3 8, and if both angles between these atoms and the preceding atoms were 
greater than 90”. Van der Wads contacts were noted for non-H-atoms separated by less than 4 A. Superposition 
of structures was performed with the least-squares option in 0 [38]. 
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