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ABSTRACT: Near ultraviolet spectral studies were conducted on two inhibitor complexes obtained by treating 
the dephospho form of the phosphoglucomutase.Mg2+ complex with inorganic vanadate in the presence of 
either glucose 1-phosphate [cf. Percival, M.  D., Doherty, K., & Gresser, M. J. (1990) Biochemistry (first 
of four papers in this issue)] or glucose 6-phosphate. Part of the spectral differences between the two inhibitor 
complexes arises because the glucose phosphate moiety in the complex derived from glucose 1 -phosphate 
binds to the enzyme in a different way from the glucose phosphate moiety in the complex derived from glucose 
6-phosphate and because these alternative binding modes produce different environmental effects on the 
aromatic chromophores of the dephospho enzyme. These spectral differences are strikingly similar to those 
induced by the binding of glucose 1-phosphate and glucose 6-phosphate to the phospho enzyme-which 
shows that the glucose 1 -phosphate and glucose 6-phosphate moieties occupy positions in the inhibitor 
complexes closely related to those that they occupy in their respective catalytically competent complexes. 
This binding congruity indicates that in the inhibitor complexes the oxyvanadium grouping is bound at  the 
site where (PO,-) transfer normally occurs. 31P N M R  studies of the phosphate group in these complexes 
also provide support for this binding pattern. A number of other systems based on compounds with altered 
structures, such as the deoxysugar phosphates, or systems with different compositions, as in the case of the 
metal-free enzyme or of the glucose phosphates plus nitrate, also were examined for evidence that complexes 
analogous to the inhibitor complexes were formed, but none was found. Difference spectroscopy was used 
to resolve the spectrum of both inhibitor complexes to obtain the absorbance of their oxyvanadium chro- 
mophores. The resolved spectrum, which is unlike that of any known vanadate ester, consists of a broad, 
nearly symmetrical peak with 6 = 5 X lo3 mol cm-2, A,,, 312 nm, and a width a t  half-height of about 
5000 cm-I. A spectrum more nearly like that of a normal vanadate ester is observed for the oxyvanadium 
chromophore in the corresponding complex involving glucose 1-phosphate and Li’ instead of Mg2+. A 
comparison of both spectra with that of vanadate and a number of vanadate esters in several different solvent 
systems is described in the third paper of this series [Ray, W. J., Jr., & Post, C. B. (1990) Biochemistry 
(third of four papers in this issue)]. Kinetic and thermodynamic studies that support the suggestion that 
the glucose phosphate/vanadate complexes of the Mg2+ enzyme should be considered as transition-state- 
analogue complexes are described in a fourth paper [Ray, W. J., Jr., & Puvathingal, J. M. (1990) Bio- 
chemistry (fourth of four papers in this issue)]. 

Phosphoglucomutase is one of a number of enzymes that 
facilitates multiple bond-breakinglbond-making steps, inter- 
spersed by internal reorientation, so that the product of one 
set of bond-breakinglbond-making steps can serve as the 
reactant for a subsequent set (Ray & Peck, 1972), without 
an intervening dissociation step. Thus, after transfer of a 
(PO,-) group’ from the phospho enzyme to the 6-position of 
Glc- l-P,2 the Glc- 1,6-P2 produced must be reoriented to bring 
its 1-phosphate into position for return to the enzyme to 
complete the catalytic cycle. This reorientation occurs at a 
much faster rate than that at which Glc-1,6-P2 dissociates from 
the enzyme (kd = 10 s-l; Ray et al., 1989), since it has been 
shown (Ray & Roscelli, 1964) that the reorientation rate must 
be substantially faster than the turnover rate, which is 630 s-* 
at 25 “C. We thus include two bisphosphate complexes, 
E-P-6-Glc- 1 -P and E-P- 1 -Glc-6-P, in the catalytic cycle: in 
the first, the 6-phosphate of the bisphosphate occupies the 
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Scheme I: Reaction Sequence of Phosphoglucomutase, Including the 
Interconversion of the Two Bisphosphate Complexes‘ 
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positions of the phosphates of the bound bisphosphate are 
reversed (see Scheme I). A recognition of this binding pattern 
is necessary to interpret the manner in which inorganic va- 
nadate, together with the glucose phosphates, forms tightly 
bound enzyme-inhibitor complexes. 

Although several studies of vanadate inhibition of phos- 
phoglucomutase have appeared, the mechanism by which in- 
hibition is produced was worked out first by Gresser and 
colleagues in a study that is described in an accompanying 
paper (Percival et al., 1990). These workers show that the 
inhibitor competes with Glc- 1,6-P, for the dephospho enzyme, 
E. They also show that in initial velocity studies with Glc-1-P 
the extent of inhibition is related to the product of the con- 
centrations of Glc-1-P and inorganic vanadate and suggest that 
the 6-vanadate ester of Glc-1-P, V-6-Glc-l-P, which un- 
doubtedly is present in such solutions, acts as the inhibiting 
species. (We concur with this suggestion for reasons detailed 
under Discussion.) In  addition, because of the unusual 
thermodynamic stability of the complex between E and the 
vanadate-based inhibitor, and because of the propensity of 
vanadium(V) to expand its valence shell (Pope & Dale, 1968; 
Kepert, 1973), Percival et al. also suggest that the active-site 
serine hydroxyl group forms a pentacoordinate adduct with 
the vanadate group of bound V-6-Glc-1-P. Such an adduct 
might resemble the transition state for the normal enzymic 
reaction and thus bind unusually well. 

In spite of the attractiveness of the above arguments, it 
seems desirable to provide a direct demonstration that the 
vanadate group in these inhibitor complexes actually occupies 
the (PO3-) transfer or proximal phosphate site as opposed to 
the distal or phosphate-binding site. Thus, the inhibitor might 
bind to give E-V-6-Glc-1 -P, analogous to E-P-Glc-1-P, or it 
might bind to give E-P-1 -Glc-6-V, analogous to E-P-Glc-6-P 
(see Scheme I). 

The present paper shows that the suggestion of Percival et 
al. (1990) is correct in that the inhibitors produced from 
vanadate plus Glc-1-P or vanadate plus Glc-6-P bind with the 
vanadate group at the (PO<) transfer site. Our approach in 
this paper takes advantage of earlier observations that when 
bound Mg2+ either is removed (Ray et al., 1965) or replaced 
by Li+ (Ray et al., 1978), the binding of glucose phosphates 
is relatively unaffected, while the subsequent (PO3-) transfer 
step is slowed to the point where E-P-Glc-1-P or E-P.Glc-1- 
P( Li+) and E-P-Glc-6-P or E-P.Glc-6-P(Li+) can be studied 
separately, by both ultraviolet and NMR spectroscopies (Ma 
& Ray, 1980; Rhyu et al., 1984). The former studies show 
that the effect of bound Glc-1-P on the spectral properties of 
aromatic chromophores in the enzyme is characteristically 
different from that of bound Glc-6-P; the latter studies show 
that the 31P resonances of both bound Glc-1-P and Glc-6-P 
occur at characteristic chemical shifts. Here, both UV and 

"(POI-) transfer" is used herein to designate the process RiOP032- 
+ RzOH - RiOH + RzOP032- and refers to the identity of the group 
transferred, without inference regarding the mechanism of transfer. 

Abbreviations: E-P and E, the phospho and dephospho forms of 
phosphoglucomutase; Glc-1-P, a-D-glUCOSe 1 -phosphate; Glc-6-P, D- 
glucose 6-phosphate-equilibrium mixture of a and f l  anomers unless 
otherwise specified; Glc-P2, P-6-Glc- I-P, or P- I-Glc-6-P, a-D-ghKOSe 
1,6-bisphosphate; Pi and Vi, inorganic phosphate and vanadate, respec- 
tively, V-6-Glc-I-P and V-I-Glc-6-P, the 6-vanadate ester of Glc-I-P and 
the a-I-vanadate ester of Glc-6-P; E*V86-Glc-I-P and E*V*l-Glc-6-P, 
with or without the suffix Mg2+, the inhibitor complexes produced by 
treating the dephospho enzyme, Mg2+ form, with Vi plus Glc-I-P or with 
Vi plus Glc-6-P, respectively; E.V-6-Glc- 1 -P(Li+) the corresponding 
complex involving the Li+ form of the enzyme; CHES, (N-cyclohexyl- 
2-amino)ethanesulfonic acid; CAPS, (N-cyclohexyl-3-amino)propane- 
sulfonic acid. 
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NMR spectroscopies are used to characterize the inhibitor 
complexes that the dephospho enzyme makes with inorganic 
vanadate and Glc- 1-P or Glc-6-P, which in subsequent papers 
are referred to as transition-state-analogue complexes on the 
basis of a number of their properties [cf. the fourth paper in 
this series: Ray and Puvathingal (1990)l. 

Attempts to characterize the bonding of the oxyvanadium 
constellation in the inhibitor complexes via spectral compar- 
isons with the vanadate chromophore in compounds whose 
structure is at least approximately known are described in the 
following paper (Ray & Post, 1990). On the basis of this 
comparison we do not consider the suggestion of Percival et 
al. (1990) with regard to a pentacoordinate adduct as entirely 
attractive. Hence, for reasons described in the Ray and Post 
paper (1990) the inhibitor complexes derived from Glc-1-P 
and Glc-6-P are formulated as E*V*6-Glc-l-P and E*V*l- 
Glc-6-P, respectively, in the case of the Mg2+ enzyme. This 
representation emphasizes their structural relationship to the 
normal enzymic complexes, E-P-6-Glc- 1 -P and ESP- 1-Glc-6-P, 
as is verified in the present paper, and serves to indicate a 
degree of uncertainty about the actual bonding within these 
complexes as is described in the following paper. By contrast, 
for reasons noted in both subsequent papers, the corresponding 
complex involving Glc-1-P and the Li+ enzyme is represented 
as E.V-6-Glc-l-P(Li+). 

A thermodynamic comparison of the binding of V-6-Glc-1-P 
and of P-6-Glc-1-P to the Mg2+ dephospho enzyme is described 
in the fourth paper of this series (Ray & Puvathingal, 1990). 
That paper also considers differences between the complexes 
formed when LP,  an exceedingly poor activator, occupies the 
active site instead of the normal activator, Mg2+. 

EXPERIMENTAL PROCEDURES 
Materials. The phospho and dephospho forms of phos- 

phoglucomutase were prepared, demetalated, and stored as 
was described previously (Magneson et al., 1987). Glc-6-P 
(Sigma), which contains no Glop2, was used without further 
purification. Glc- 1 -P (Sigma) was freed of contaminating 
Glc-P,, 10 g at a time, by chromatography on a column, 5 X 
7 cm, of Dowex 1-HCO,, 8% cross-link, 200-400 mesh. A 
gradient of 0-0.3 M NaHC03 in a total of 3.6 L was used. 
Fractions in which a precipitate was induced on treatment with 
3 volumes of absolute ethanol were combined. After standing 
overnight, the disodium salt was isolated by filtration and 
subsequently dried under vacuum. Solutions of approximately 
0.1 M were adjusted to pH 8 and passed through a column 
of Chelex resin (Bio-Rad), 1 X 5 cm, that had been freshly 
regenerated, equilibrated with 0.1 M Na2HP04, and briefly 
flushed with water. The material in the effluent plus wash 
was isolated by lyophilization and subsequently dried under 
vacuum over P205. Xylose-1-P was from Sigma; the prepa- 
ration of 6-deoxyglucose- 1 -P and 1 -deoxyglucose-6-P was 
described previously (Ma & Ray, 1980). Before use, solutions 
of LiCl (Alfa, high purity) were passed through a column that 
contained the Li' form of Chelex resin. Imidazole (Sigma) 
was crystallized from toluene and dried under vacuum. 
Subsequently, it was dissolved in water, passed first through 
a mixed-bed ion-exchange resin and subsequently through the 
imidazolium form of Dowex 50, and isolated by lyophilization. 
An aqueous stock solution of the product, 0.2 M, pH 8, was 
passed through the imidazolium form of Chelex resin after 
the column was equilibrated with this buffer. A 0.5 M stock 
solution of inorganic vanadate was obtained by dissolving V2OS 
(Alfa) in a solution that contained 4 equiv of NaOH. 

Procedures. Ultraviolet spectra of phosphoglucomutase and 
its complexes were recorded with a Perkin-Elmer Lambda 6 
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spectrophotometer by using a one-cell procedure that employed 
a sectored cell with a light path of 0.442 cm/compartment. 
Solutions of 0.800 mL were delivered to both compartments 
of the cell with the same micropipet. Spectra were scanned 
repetitively at a rate of 60 nm/min, both before and after 
mixing (slit = 2 mm; response = 2 ) .  In an alternative pro- 
cedure, additions of 2 pL of vanadate were made to 0.8 mL 
of a protein solution in a cell with a l-cm light path. Spectra 
were recorded both before and after the addition, and a minor 
correction for dilution was made before the spectral difference 
was obtained digitally. In both procedures the concentration 
of enzyme was about 2 mg/mL. Spectra of concentrated 
solutions of the enzyme (24.6 mg/mL, or 0.4 mM) were 
collected by using 0.45-mL samples in a cell with a quartz 
insert (Helma) that reduced the light path to 0.094 cm. 
Difference spectra were obtained in such cases by digitally 
subtracting spectra obtained from solutions mixed in a 1:l ratio 
by using the same micropipette. 

3’P NMR spectra were measured at room temperature with 
a Varian XL-200A spectrometer that was operated at  4.7 T 
(phosphorous frequency, 8 1 .O MHz). Sample volumes of 1.6 
mL were placed in a spherical microcell inserted in a 16-mm 
tube. Chemical shifts are relative to trimethyl phosphate and 
were measured from the internal reference, tetraphenyl- 
phosphonium chloride, whose chemical shift is 19.62 ppm. 
Other experimental details are given in the figure legend or 
have been described previously (Post et al., 1989). 

RESULTS 
In all studies with the metal ion complexes of phospho- 

glucomutase reported here, the concentration of Mg2+ or Li+ 
was saturating. Since in most cases the physiological activator, 
Mg2+, was used [cf. Peck and Ray (1971)], the identity of the 
bound metal ion frequently is omitted from representations 
of the various enzymic complexes, except where a distinction 
between the Mg2+ and Li+ complexes is made. 

Spectral Studies Involving Glucose Phosphates Bound to 
Phosphoglucomutase in the Presence of Bound Vanadate. The 
spectral changes produced by the binding of Glc-1-P plus Vi 
and of Glc-6-P plus Vi to the dephospho enzyme are shown 
in Figure la, spectra 1 and 2, respectively ([Glc-PI >> KD; [Vi] 
> [E]). The overall spectral change is the sum of spectral 
changes that can be attributed to perturbation of aromatic 
residues in the enzyme by the different phosphoglucosyl 
moieties, Glc-6-P and Glc-1-P [cf. Ma and Ray (1980)], plus 
changes in the oxyvanadium chromophore that are produced 
by the binding process. The procedures used to disentangle 
these spectral changes are described below. 

Figure 1 b shows the difference between the two difference 
spectra in Figure la, which is the spectral difference between 
the complex of the enzyme, Vi, and Glc-6-P, on one hand, and 
of the enzyme, Vi, and Glc-1-P on the other. Discounting the 
broad, base-line absorbance difference (see below), the “fine 
structure” of the difference spectrum in Figure l b  is similar 
to the spectral difference between E-P-Glc-6-P and E-P-Glc- 
1 -P reported previously under somewhat different conditions 
(Ma & Ray, 1980). Thus, Figure I C  shows the spectral 
changes in the reaction-blocked E-P(Li+) complex that are 
produced by binding of Glc-6-P, spectrum 4, or Glc-1-P, 
spectrum 5, under the current conditions. The primary dif- 
ferences between parts a and c of Figure 1 thus must be 
produced by differences in the response of the oxyvanadium 
chromophore in Figure 1 a to its incorporation into the inhibitor 
complexes. [Earlier studies (Ma & Ray, 1980) showed that 
the spectral differences in Figure I C  are essentially identical 
with those produced by the binding of 1-deoxyglucose-6-P and 
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FIGURE 1: Difference spectra produced by the binding of glucose 1-  
and 6-phosphates to the dephospho enzyme in the presence of inorganic 
vanadate and related difference spectra. All difference spectra were 
obtained with 28-30 pM enzyme in 40 mM imidazolium chloride 
buffer, pH 8. The solution also contained 8 mM Mg2+ (dephospho 
enzyme) or 25 mM LiCl (phospho enzyme) plus 1 mM EDTA. The 
sectored-cell procedure is described under Experimental Procedures. 
All concentrations reported are those produced after mixing. (a) 
Difference spectra produced by the binding of Glc-6-P plus Vi or 
Glc-1-P plus Vi to the Mg2+ complex of the dephospho enzyme: 20 
mM Glc-6-P and 125 pM (excess) Vi, spectrum 1, or 20 mM Glc- 1 -P 
and 125 pM Vi, spectrum 2, were used. (b) Spectral difference 
between the inhibitor complexes obtained by binding Glc-6-P plus 
Vi or Glc-1-P plus Vi to the Mg2+ form of the dephospho enzyme, 
obtained as the difference between difference spectrum 1 and difference 
spectrum 2 in (a). (c) Difference spectra produced by binding Glc-6-P, 
spectrum 4, or Glc-1-P, spectrum 5, to the Li+ complex of the phospho 
enzyme, at a glucose phosphate concentration of 20 mM. (d) Spectral 
difference between E-P.Glc-6-P(Li+) and E-PGlc- I-P(Li+), spectrum 
6, obtained as the difference between difference spectra 4 and 5 in 
(c). Also shown, spectrum 7, is the spectral difference between the 
inhibitor complexes involving Glc-6-P and Glc-I-P, spectrum 3 in (b), 
after the spectral difference between the oxyvanadium constellations 
in these two complexes is corrected for (see text). (The latter spectrum 
is displaced downward on the y axis for presentation.) 

6-deoxyglucose- 1 -P, respectively, to the Mg2+ enzyme, and 
therefore that the identity of the bound metal ion does not 
affect the spectral changes induced by the binding of the 
Glc- 1 -P and Glc-6-P groupings to the enzyme.] 

Figure Id, spectrum 6, shows the spectral difference between 
the E-P.Glc-6-P(Li+) and E-P-Glc- l-P(Li+) complexes ob- 
tained from spectra 4 and 5. The similarity of the fine 
structure in difference spectrum 6 to that in difference spec- 
trum 3 of Figure lb, where the enzymic complexes of V-l- 
Glc-6-P and V-6-Glc-1-P are compared, is obvious. In fact, 
in spectrum 7, essentially all differences between spectra 3 and 
6 are eliminated by subtracting from spectrum 3 a broad peak 
with no fine structure equal to 12% of the average spectrum 
of the oxyvanadium chromophore in the inhibitor complexes 
(see next section). This subtraction accounts for the less 
intense absorbance of the oxyvanadium constellation in 
E*V* 1-Glc-6-P than in E*V*6-Glc-l-P that is apparent in 
Figure l a  at wavelengths greater than about 300 nm. Thus, 
the 1 -phosphoglucosyl moiety of the inhibitor produced from 
Glc- 1-P plus Vi binds to and affects aromatic chromophores 
of the dephospho enzyme in a manner analogous to the way 
that Glc-1 -P binds to and affects the aromatic chromophores 
of the phospho enzyme. An analogous binding pattern also 
characterizes the inhibitor complex produced from Glc-6-P 
plus Vi. Such binding modes require that in the inhibitor 
complexes the oxyvanadium constellation occupy the proximal 
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FIGURE 2: Spectra of the oxyvanadium chromophore in complexes 
of glucose 1- and 6-phosphates with the dephospho enzyme in the 
presence of inorganic vanadate. The conditions and general procedure 
described in Figure 1 were used. (a) (Spectrum 1) Difference spectrum 
produced by addition of a limiting amount of inorganic vanadate (0.7 
equiv) to the Mg+ dephospho enzyme (43 pM) plus an equilibrium 
mixture of Glc-I-P plus Glc-6-P total glucose phosphates, 10 mM. 
(Spectrum 2) Estimated contribution of the phosphoglucosyl/enzyme 
fine structure spectrum to spectrum 1 (see Results and footnote 3). 
(b) Spectrum of the oxyvanadium chromophore in the inhibitor 
complex: the difference between the difference spectra 1 and 2 in 
(a). 
phosphate site where (PO,-) transfer to and from the enzyme 
normally occurs, as opposed to the distal phosphate site that 
serves as the normal binding site for the phosphate group of 
Glc-1-P or Glc-6-P in the phospho enzyme. (The fine structure 
of difference spectrum 7 of Figure 1 b would have been inverted 
relative to that in spectrum 6 if, for example, the phospho- 
glucosyl moiety of P- 1 -Glc-6-V were bound to the dephospho 
enzyme in the manner that Glc-6-P binds to the phospho 
enzyme, viz., with the vanadate group of the inhibitor at the 
distal phosphate site.) This conclusion thus verifies the pos- 
tulate of Percival et al. (1 990) regarding inhibitor binding 
modes that was based on the relative affinities of P-6-Glc-1-P 
and V-6-Glc-1-P for the dephospho enzyme. But because the 
nature of the chemical bonding of the vanadate ester group 
in the inhibitor complexes is not as yet defined, these complexes 
subsequently are represented as E*V*6-Glc-l-P and E*V* 1- 
Glc-6-P. The corresponding bisphosphate complexes are 
ESP-6-Glc- 1 -P and ESP- 1-Glc-6-P, while the related complexes 
involving the phospho enzyme are E-PSGlc- 1-P and E-P-Glc- 
6-P, respectively. 

Spectral Studies Involving Vanadate Bound to Phospho- 
glucomutase in the Presence of Glucose Phosphates. To 
obtain the spectrum of the oxyvanadium chromophore in the 
complexes of vanadate with the dephospho enzyme and Glc- 
1 -P or Glc-6-P, a difference spectrum was recorded after Vi 
was added to an equilibrium mixture of (E-Glc-1-P + E- 
Glc-6-P) to give (E*V*6-Glc-l-P + E*V*l-Glc-6-P) under 
conditions of excess enzyme, where, according to the binding 
studies described in the fourth paper of this series, all of the 
added vanadate is converted to inhibitor complexes (spectrum 
1, Figure 2a). This spectrum consists of a broad absorbance 
band: E = 5 X I O 3  mol cm-2, A,,, 312 nm, and a width at 
half-height of about 5000 cm-I, with superimposed fine 
structure, produced by differences between the interaction of 
the 1 -phosphoglucosyl and 6-phosphoglucosyl moieties with 
aromatic chromophores of the enzyme in (EGlc-1-P + E. 
Glc-6-P), before the addition of vanadate, and in (E*V-6- 
Glc- I-P + E*V* 1 -Glc-6-P), afterward. This fine structure 
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can be eliminated to a large extent by subtracting the spectral 
change that would accompany the process (E-Glc-1-P + E. 
Glc-6-P), + Pi - (E-P-6-Glc-1-P + E.P-l-Glc-6-P),. [Be- 
cause the spectrum of the oxyvanadium chromophore is an 
electron-transfer spectrum [see the third paper in this series 
(Ray & Post, 1990)], it is not expected to exhibit fine structure 
in aqueous solution.] The spectrum subtracted, spectrum 2, 
is shown in Figure 2a;3 the result is shown in Figure 2b. The 
spectrum in the latter figure should represent a reasonably 
accurate average spectrum for the oxyvanadium constellation 
in both inhibitor complexe~,~ although there is a minor, re- 
producible, intensity difference (about 12%) in the absorbance 
bands due to the oxyvanadium chromophore in the E*V*6- 
Glc-1-P and E*V* 1-Glc-6-P complexe~.~ Two similar pro- 
cedures for obtaining the spectrum of the oxyvanadium con- 
stellation in the E*V*6-Glc-l-P and E*V* 1 -Glc-6-P complexes 
produced spectra closely related to those above: treatment of 
the dephospho enzyme with Glc-1-P or Glc-6-P plus 50% 
excess Vi (after correction for excess Vi, assuming a 1:l 
stoichiometry), or with Glc-1-P plus Glc-6-P plus limiting Vi 
(20% excess enzyme) (results not shown). 

Attempt To Detect the Vanadate Analogue of the Phospho 
Enzyme, Spectrally. An attempt was made to obtain the 
spectrum of the vanadate ester of the active-site serine residue 
of the dephospho enzyme, E-V, analogous to the phospho 
enzyme, E-P, by adding Vi to a solution that contained excess 
dephospho enzyme, Mg2+ form, at pH 7.5. The spectrum 
obtained is reproduced in Figure 3a, spectrum 2. Since the 
extent of complex formation is unknown, it is not possible to 
subtract the contribution of unbound Vi to this spectrum to 
obtain the spectrum of whatever E-V is present, if any. Hence, 
spectrum 2 is shown in conjunction with the spectrum obtained 
in the same way but in the absence of enzyme (spectrum 4). 
As an added control, the same operation was conducted in the 
presence of sufficient Glc-1-P plus Glc-P, to saturate the 
enzyme and thus block the binding of V-6-Glc-1-P at the active 
site (spectrum 3). While the increased absorbance of spectrum 
2 relative to the second control (spectrum 3) suggests that E-V 
might be formed in this way, the results are equivocal since 
whatever species is formed neither gives rise to an inactive 
complex on subsequent addition of Glc-1-P (Ray & Puvath- 

Spectrum 2 provides an estimate of the spectral change that should 
accompany the reaction (E-Glc-I-P + E.Glc-6-P), + Pi - (E-PGlc-I-P 
+ E-P.Glc-6-P), if this reaction could be conducted under the conditions 
used. The expected spectral change is obtained as the difference between 
two spectra: simulated spectrum X and observed spectrum U, neither of 
which is shown. The phosphoglucosyl-enzyme interactions in (E*V*6- 
Glc-1-P + E * V * ~ - G ~ C - ~ - P ) ~  were simulated, spectrum X ,  by using 
spectra of E-P.Glc-l-P(Li+) + E-P.Glc-6-P(Li+) (see the introduction). 
From simulated spectrum X was subtracted observed spectrum Y for 
[EGlc-I-P(Mg2+) + EGlc-6-P(Mg2+)],. The ratio of the two spectra 
used in simulated spectrum X was varied so that when the difference 
spectrum, X - Y, was subtracted from spectrum I ,  Figure 2a, most of the 
fine structure was eliminated. Difference spectrum X - Y,  when simu- 
lated spectrum X involved a 40:60 ratio of E-P.Glc-I-P(Li+):E-P.Glc-6- 
P(Li+), is spectrum 2. This ratio is reasonably close to that estimated 
for the equilibrium mixture of E*V*1-Glc-6-P(Mg2+) and E*V*6-Glc- 
l-P(Mg2+), 60:40 (see last section under Results). 

The average spectrum of the oxyvanadium constellation in Figure 
2b is used for that of the corresponding constellation in E*V*6-Glc-I-P 
and E*V* I-Glc-6-P because spectral differences between the oxy- 
vanadium constellation these two complexes are not large and because 
it is easier to eliminate enzymic contributions to the required difference 
spectra when an equilibrium mixture of glucose phosphates is used. 

A spectral difference between the oxyvanadium constellation in the 
E*V*6-Glc-l-P and E*V*l-Glc-6-P complexes is not particularly sur- 
prising since the environment of the enzymic phosphate in E-P-Glc-1-P- 
(Li+) is somewhat different from that of E-P-Glc-6-P(Li+) as is indicated 
by the difference in NMR chemical shift (Rhyu et al., 1984). 
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FIGURE 3: Spectral studies of complex formation in solutions related to those from which the vanadate-based inhibitor complexes of phos- 
phoglucomutase are obtained. All spectra in (a) and (b) were obtained with a cell of 1-cm light path, except for the sectored-cell study involving 
NO3-. Solutions, 0.8 mL, contained 32 NM dephospho enzyme in 20 mM imidazole/imidazolium chloride, pH 7.5. The procedure is described 
under Experimental Procedures. Additions of 2 r L  of 10 mM vanadate were employed (28% excess of enzyme). Enzyme solutions were prepared 
from a "demetalated" stock solution. When Mg2+ was present, its concentration was 8 mM, and 1 mM MpEDTA also was present. In each 
case, the spectral change produced by the addition of vanadate is shown, after a minor correction for dilution was made. (a) Attempt to produce 
an E-V complex. (Spectrum 2) Spectral change produced by adding vanadate to the Mgz+ complex of the dephospho enzyme. (Spectrum 
4) Change produced by addition of vanadate to buffer only. (Spectrum 3) Change produced by addition of vanadate to the Mg2+ complex 
of the enzyme in the presence of saturating glucose phosphates (active site blocked): 1 mM Glc-6-P, 0.05 mM Glc-1-P, and 1 mM Glc-P,. 
(Spectrum I )  Change observed on formation of the vanadate-based inhibitor complexes: conditions same as for the spectrum 3, except for 
the absence of Glc-P,. (b) Spectral comparisons used to assess the possible formation of complexes analogous to the vanadate-based inhibitor 
complexes. (Spectrum 5) Change observed on addition of vanadate to the Li+ complex of the dephospho enzyme in the presence of 5 mM 
Glc-I-P and 15 mM LiCI. (Spectrum 6) Change produced by addition of vanadate to the Mgz+ complex of the enzyme in the presence of 
1 mM 1-deoxyglucose-6-P. (Spectrum 7) (base-line spectrum) Effect of nitrate on the absorbance of an equilibrium mixture of the Glc-1-P 
and Glc-6-P complexes of the Mg2+ enzyme. The recorded spectral change was obtained by using the sectored-cell procedure (see Experimental 
Procedures); absorbances were corrected for the reduced light path before plotting: 10 mM Glc-6-P and 20 mM NO< were present after mixing. 
The aromatic difference spectrum produced by adding Vi to the same mixture (spectrum 2, Figure 2a) is reproduced for comparison (after 
appropriate scaling) as spectrum 8. (c) Spectrum of the oxyvanadium constellation in the E.V-6-Glc- 1 -P(Li+) complex and the difference 
spectra used to generate this spectrum. Spectra were obtained by using a single cell with a light path of 0.094 cm (see Experimental Procedures) 
that contained 30 mM LiCI, 10 mM Glc-1-P, 0.4 mM phosphoglucomutase, dephospho form, and 20 mM imidazole, pH 7.5. (Spectrum 9) 
Spectral difference in the presence and absence of 0.2 mM Vi. (Spectrum 10) Spectral difference in the presence and absence of 0.03 mM 
Vi when the above solutions also contained 2 mM Glc-P,. (Spectrum 11) 0.9 of the spectral change produced by conversion of 0.17 mM 
EGlc- I-P(Li+) to E.Glc-P2(Li+). (Spectrum 12) Spectrum of the oxyvanadium constellation in E-V-6-Glc-1-P (Li'), Le., spectrum 9 after 
spectra IO and 1 1  are subtracted. The spectrum of the oxyvanadium constellation in the inhibitor complex, E*V*Glc-1-P(Mg+) from Figure 
2b, is shown for comparison (- - -). 

ingal, 1990) nor exhibits the spectral characteristics of 
E*V*6-Glc-l-P [Figure 3a, spectrum 1 (which is analogous 
to the upper spectrum in Figure 2a and reproduced here for 
comparison)]. In fact, the difference between the spectrum 
obtained with the free dephospho enzyme (spectrum 2) and 
that obtained with the active site blocked (spectrum 3) may 
be caused by the binding of dimeric or tetrameric vanadate 
a t  the distal phosphate-binding site in the dephospho enzyme 
rather than by formation of E-V (M. J. Gresser, personal 
communication). 

Spectra of Other Systems That Might Produce Complexes 
Structurally Related to the Inhibitor Complexes of Phos- 
phoglucomutase. Figure 3b shows the spectrum obtained 
when 30 pM dephospho enzyme is treated with 25 pM va- 
nadate in the presence of 1-deoxyglucose-6-P (spectrum 6). 
This spectrum is almost identical with that of the control, 
where the active site of the enzyme has been blocked by the 
binding of Glc-P2 (spectrum 3, Figure 3a). Spectra closely 
similar to spectrum 3 also are obtained when 6-deoxy- 
glucose-1-P (1 mM) or xylose-1-P (2.5 mM) is used instead 
(not shown). These spectra fail to exhibit either the prominent 
absorbance peak of the oxyvanadium chromophore in 
E*V*6-Glc-l-P and E*V*l-Glc-6-P (spectrum 1, Figure 3a) 
or the changes associated with structural differences between 
the monophosphate complexes of the dephospho and phospho 
enzymes, viz., between E-Glc-1 -P and E-PGlc-1 -P or between 
E-Glc-6-P and E-P.Glc-6-P, the result of which appears as fine 
structure superimposed on the broad difference peak in 
spectrum 1 (Figure 3a, see also below). 

An attempt also was made to detect binding of NO3- to an 
equilibrium mixture of (E-Glc-6-P + E-Glc-1-P) complexes, 
since from a structural standpoint NO3- should resemble VO<, 
and V03- may well be present under the conditions used to 

produce the inhibitor complexes-at least in trace 
amounts6-and might bind to ESGlc-1-P to give E*V*6-Glc- 
1-P. But even at  concentrations of NO3- at  least 106-fold 
larger than the concentration of free Vi required to produce 
half-saturation of the above mixture of complexes with Vi [see 
the fourth paper in this series (Ray & Puvathingal, 1990)], 
no hint of the spectral changes associated with treatment of 
these complexes with Vi was observed (spectrum 7, Figure 3b). 
Thus, spectrum 8 of Figure 3b shows the size of the change 
expected, on the basis of spectrum 2 of Figure 2a, if NO3- 
could bind to (E-Glc-1-P + E-Glc-6-P) to produce a mixture 
of complexes analogous to the inhibitor complexes obtained 
on treatment with Vi. 

By contrast with the above results, the addition of 25 p M  
vanadate to the EGlc- 1 -P(Li+) complex produces both a 
significantly increased absorbance relative to the control (active 
site blocked; spectrum 3, Figure 3a) and evidence for the 
perturbation of aromatic residues (spectrum 5, Figure 3b). 
However, these changes are far less dramatic than those 
produced under the same conditions when Mg2+ occupies the 
metal ion activating site (spectrum 1, Figure 3a). To deter- 
mine whether this response is smaller, intrinsically, than that 
obtained with the Mg2+ enzyme requires the use of higher 
concentrations of enzyme or vanadate, or both, plus an inde- 
pendent estimate of vanadate binding-to correct for the 
change in the absorbance of the free vanadate that binds to 

At higher vanadate concentrations, polymers of V03-,  (VO,-),, or 
V309)- and (VOy), or V40124-, etc., are present at near neutral pH 
(Habayeb & Hileman, 1980; Heath & Howrath, 1981). However, as 
with PO< (Jencks, 1981; Herschlag & Jencks, 1986) free monomeric 
V 0 3 -  remains an elusive species. [VO; in crystalline NaVO, is penta- 
coordinate and is present as a linear polymer (Bjornberg & Hedman, 
1977).] 
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FIGURE 4: 31P NMR spectra of complexes of the dephospho enzyme 
with glucose monophosphates in the absence or presence of inorganic 
vanadate. All spectra were obtained with solutions that contained 
1.62 mM dephospho enzyme. The spectrometer recycle time was 5 
s with a 60° pulse angle. Approximately 3600 transients were ac- 
cumulated in each case, and an exponential line broadening of 1-5 
Hz was applied before Fourier transformation. (a) Spectrum of 2.5 
m M  Glc-I-P plus Glc-6-P (equilibrium mixture) in the presence of 
dephospho enzyme and 40 mM imidazolium chloride buffer, pH 7.4, 
that contained 11 mM MgC12 and 1 mM EDTA. Resonances at about 
1.0, 0.85, and -1.0 ppm are those of b-Glc-6-P, a-Glc-bP, and 
a-Glc-l -P, respectively. (Inset) Segment of the same spectrum 
(between 0.5 and -22 ppm) on an expanded vertical but the same 
horizontal scale, with the base line displaced upward. (b) Spectrum 
of an equilibrium mixture of E*V*6-Glc-I-P(Mg2+), -3.2 ppm, and 
E*V-I-Glc-6-P (Mg2+), -1.05 ppm. A solution analogous to that in 
(a) but with only a slight excess of Glc-1-P was made 2 mM in Vi. 
The resonance at  about 1.0 ppm is that of (a + b)Glc-6-P, due to 
the excess glucose phosphate that was present. (c) Spectrum of an 
equilibrium mixture of E*V*6-Glc- 1 -P(Cd2+) and E*V* 1 -Glc-6-P 
(Cd2+). Metal-free dephospho enzyme was treated with 1 equiv of 
Cd2+, glucose phosphate, and Vi. (d) Spectrum of E.V-6-Glc-l-P(Li+) 
obtained under forcing conditions. The metal-free dephospho enzyme 
was treated with 30 mM Li, 10 mM Glc-1-P, and 2.6 mM Vi. The 
resonance at about -1 ppm is that of the excess Glc-1-P. (Insets 1 
and 2) Expanded vertical scale (IO-fold) but same horizontal scale 
as (d). (Inset 1) Segment of the spectrum in (d); (inset 2) segment 
of a spectrum obtained under the same conditions except for the 
absence of Vi. 

the enzyme. The fourth paper in this series (Ray & Pu- 
vathingal, 1990) describes a spectral titration of E-Glc-1-P- 
(Li+) with Vi which shows that approximately 36 pM free Vi 
half-saturates the enzymic system under these conditions. 
Accordingly, a difference spectrum was obtained (in a cell with 
a light path of 0.094 cm) by making a solution of 0.4 mM 
E.Glc-l-P(Li+) 0.2 mM in Vi (spectrum 9, Figure 3c). From 
this was subtracted the spectrum of 0.03 mM vanadate, the 
calculated concentration of “free vanadate”, obtained in the 
presence of the same concentration of enzyme, but with the 
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active site blocked (by Glc-P,) (spectrum 10). The result (not 
shown) is a composite of the spectrum of the oxyvanadium 
constellation in E.V.6-Glc- l-P(Li+) plus the spectral changes 
in the aromatic residues of the enzyme associated with the 
binding of Vi-as in spectrum 1 of Figure 2a. In contrast with 
the binding of Vi to the Mgz+ form of the enzyme, where 
binding involves an equilibrium mixture of ESGlc- 1-P and 
E-Glc-6-P (because preparations of the dephospho enzyme 
always contain traces of catalytically active phospho enzyme) 
in the case of the Li+ enzyme, it is binding to ESGlc-1-P, alone, 
that perturbs aromatic residues of the enzyme [because the 
Li+ form of the contaminating phospho enzyme is such a poor 
catalyst (Ray et al., 1989)l. Hence, the binding-induced 
enzyme perturbation spectrum, though qualitatively similar 
to that in spectrum 8 of Figure 3b, is quantitatively somewhat 
different. However, as in Figure 2b, subtracting the appro- 
priate binding-induced difference spectrum, spectrum 1 1 of 
Figure 3c, eliminates essentially all of the fine structure of the 
composite spectrum to give spectrum 12.’ 

The spectrum of the oxyvanadium constellation in the E. 
V-6-Glc-l-P(Li+) complex, obtained as above, is quite different 
from the spectrum for the Mg2+ complex, which also is shown 
in Figure 3c (dashed-line plot) for reference. A spectrum for 
E-V-6-Glc- l-P(Li+), similar to that obtained above with excess 
enzyme, also was obtained in the presence of a large excess 
of Vi at  a saturating concentration (0.4 mM) after a spectral 
correction was made on the basis of stoichiometric binding of 
Vi to the E-Glc-l-P(Li+) complex (not shown). [However, 
nonspecific binding effects are substantial at  0.4 mM Vi: see 
the fourth paper in this series (Ray & Puvathingal, 1990).] 

31P NMR Studies of the Inhibitor Complexes Produced by 
the Binding of Glucose Phosphates and Vanadate to the 
Mg(II) and Cd(I0 Forms of the Dephospho Enzyme. Figure 
4a shows the 3’P NMR spectrum of an equilibrium mixture 
of 2.5 mM glucose phosphates, Glc-1-P plus Glc-6-P, in the 
presence of 1.6 mM E(Mg2+). The resonance of a-Glc-6-P, 
at about 1 ppm, is broadened slightly and shifted upfield 
somewhat by chemical exchange with bound Glc-6-P. The 
resonance of (a-)Glc-1-P at  about -1 ppm, expanded scale, 
(inset), is broadened much more extensively by exchange, at  
least in part because the ratio of free to bound Glc-1-P is 
substantially smaller than that of free to bound a-Glc-6-P at  
chemical equilibrium [cf. data reported in Ray and Long 
(1 976a)I. 

Figure 4b shows the NMR spectrum produced by a small 
excess of Glc-1-P plus Glc-6-PB and a larger excess of Vi (2 
mM) relative to E(Mg2+) (1.6 mM). In view of the spectral 
studies in the previous sections, the two resonances at about 
-3 and -1 ppm must be those of E*V*6-Glc-1-P(Mg2+) and 
E*V* 1 -Glc-6-P(Mg2+), respectively. Chemical shifts for 31P 

’ According to the above calculations, the binding-induced difference 
spectrum for ED*Gk-l-P(Li) - ED*GlC-P2(Li) involving 170 pM enzyme 
should have been subtracted. However, the elimination of fine structure 
from spectrum 9 was most effective when only 90% of the calculated 
value was employed. In view of the number of measurements and ap- 
proximations required to obtain the estimate, 170 pM, using 90% of this 
value seems reasonable. 

With the relatively large ratio of enzyme:glucose phosphate used in 
the NMR studies, about 1:1, the same spectrum was observed whether 
the inhibitor complexes were produced from Glc-I-P or Glc-6-P, viz., 
equilibrium between the glucose phosphates is achieved rapidly relative 
to the time required to accumulate the spectrum. In absorbance studies, 
where the enzyme:glucose phosphate ratio was approximately 0.001, the 
complex obtained with Glc-1-P plus Vi initially was different from that 
obtained with Glc-6-P plus Vi (Figure la). However, after several hours, 
the same spectrum was observed with both sugar phosphates, as is ex- 
pected from the NMR spectra. 
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in these complexes are assigned on the basis of a relatively close 
correspondence to those determined previously (Rhyu et al., 
1983) for glucose phosphate in E-P-Glc-l-P(Li+), -3.2 ppm, 
versus -3.2 ppm for E-V-6-Glc- 1-P, and in E-P.Glc-6-P(Li+), 
-0.2 ppm, versus -0.8 ppm for E-V-1-Glc-6-P. On the basis 
of previous studies with E.Glc-P2(Cd2+) (Post et al., 1989), 
TI for the enzyme-bound phosphates likely is about 5 s, which 
was the recycle time for successive transients in this study. If 
T I  for the resonances of both bound phosphates is the same, 
from the ratio of their intensities the equilibrium mixture 
contains about 60% E*V*6-Glc-l-P and about 40% E*V*l- 

Figure 4c shows the corresponding spectrum when Cd2+ 
instead of Mg2+ is bound at the metal ion activating site of 
the enzyme. The much larger ratio of E*V*6-Glc-l-P (-3.2 
ppm) to E*V*l-Glc-6-P (-0.8 ppm) for the Cd2+ enzyme, 
relative to the same ratio for the Mg2+ enzyme (Figure 4b), 
is consistent with previous conclusions (Ray et al., 1989) that 
the Cd2+ enzyme is unable to facilitate (PO<) transfer to and 
from the 1-position of Glc-6-P as efficiently as to and from 
the 6-position of Glc-1-P. 

Figure 4d shows the results of similar studies with the Li+ 
enzyme, but under “forcing“ conditions: 10 mM Glc-1-P and 
4 mM (total) Vi. The only broad resonance characteristic of 
enzyme-bound phosphate in this spectrum occurs at about -3 
ppm, as above, and its intensity, relative to that of free Glc-1-P, 
is that expected if all of the enzyme is present as the 
E*V*6-Glc-l-P(Li+) complex. That this resonance is de- 
pendent on the presence of Vi is shown by using the same 
expanded scale (insets of Figure 4d) to compare intensities of 
the resonance at about -3 ppm for the bound 1-phosphate: 
excess vanadate present (spectrum 1, inset); same conditions 
but in the absence of Vi (spectrum 2, inset). (Because the Li+ 
form of the enzyme is a very poor catalyst, only Glc-1-P was 
present in these studies-as opposed to the other studies in this 
figure, where an equilibrium mixture of Glc-6-P and Glc- 1-P 
was generated.) Hence, EeV- l-Glc-6-P(Li+) is not present in 
Figure 4d. 

DISCUSSION 
Inorganic vanadate, V(V), rapidly forms esters, anhydrides, 

and various adducts with the hydroxyl groups of a wide variety 
of compounds [cf. references by Gresser and co-workers and 
Tracey and co-workers in the third paper of this series (Ray 
& Post, 1990)l. In  fact, the monoanion discriminates only 
marginally in the formation of esters from primary, secondary, 
and tertiary alcohols (Tracey et al., 1988), and both the mo- 
noanion, (HO),VO<, and the dianion, HOVOt-, form esters 
with most alcohols with comparable ease. In view of the 
variety of possible products that can form in solutions of va- 
nadate, the simple observation that in the presence of a suitable 
hydroxyl compound vanadate inhibits an enzyme involved in 
the metabolism of phosphates is particularly difficult to in- 
terpret unequivocally. 

In  spite of such interpretational problems, interest in va- 
nadates as phosphate analogues has remained, partly due to 
the tight binding of vanadate, itself, to some enzymes (Van- 
Etten et al., 1974; Stankiewicz & Gresser, 1988) and partly 
due to the successful use of vanadate plus a hydroxyl com- 
pound to produce esters that in some cases are subject to 
catalytic reactions analogous to those of the corresponding 
phosphate ester, as in the case of glucose-6-phosphate de- 
hydrogenase, which reduces glucose much more efficiently in 
the presence of vanadate (via Glc-6-V) than in its absence 
(Nour-Eldeen et al., 1985). But of even greater importance 
is the possibility that inorganic vanadate might form a pen- 
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tacoordinate, enzyme-bound, diester anion and thus act as a 
type of transition-state analogue for enzyme-catalyzed reac- 
tions involving (PO;) transfer. This possibility was posed first 
by Lindquist et al. (1973) for the ribonuclease system and 
subsequently for other enzymic systems [cf. VanEtten et al. 
(1974) and Stankiewicz and Gresser (1988)l. Later, Wlo- 
dawer et al. (1983) and Borah et al. (1985) verified the pen- 
tacoordinate nature of the ribonucleasefuridinefvanadate 
complex by analysis of neutron and X-ray diffraction data, 
respectively. Unfortunately, a comparable validation for the 
formation of a pentacoordinate complex thus far is lacking in 
other enzymic systems. 

This paper, as well as the subsequent two papers in this series 
(Ray & Post, 1990; Ray & Puvathingal, 1990), describes 
attempts to use ultraviolet spectroscopy and binding studies 
to address various interpretational complexities associated with 
the many reactions in which vanadate may participate. Thus, 
to provide a unique rationale for the vanadate-induced in- 
hibition of phosphoglucomutase (Percival et al., 1990), one 
first must consider the following questions: What is the actual 
inhibitor? How is it bound? What is the nature of the oxy- 
vanadium constellation in the bound inhibitor? 

Percival et al. (1990) show that, in the steady state, inhib- 
ition by vanadate plus Glc-1-P develops at a rate that is 
proportional to the concentration product of the two and 
therefore suggest that inhibition is produced by a mixed va- 
nadate/phosphate diester, V-6-Glc-l-P, rather than by the 
separate binding of Glc-1-P and Vi. Their observation that 
the onset of inhibition “saturates” supports their suggestion, 
as do several of our observations. Thus, neither 6-deoxy- 
glucose- 1 -P nor xylose- 1 -P nor 1 -deoxyglucose-6-P acts to- 
gether with Vi to produce a spectrally comparable complex 
of the dephospho enzyme-even at a concentration product 
more than 100-fold larger than the half-saturation value for 
the E*V*6-Glc-l-P complex. In addition, trapping experi- 
ments with Glc-1-P fail to detect E-V [analogous to E-P; see 
the fourth paper in this series (Ray & Puvathingal, 1990)], 
and NO; fails to bind to E-Glc-6-P, as might be expected if 
the inhibitor complex were formed by the binding of VO< to 
the EeGlc-6-P complex6 in the manner that NO< binds to the 
EBADPScreatine complex in the creatine kinase system (Reed 
et al., 1978). 

How are the V-6-Glc- 1 -P and V- 1-Glc-6-P inhibitors 
bound? Our approach, here, involves a study of near ultra- 
violet spectral differences between the inhibitor complexes 
formed by V-6-Glc-1-P and V- 1-Glc-6-P that reflect either 
direct or indirect interactions of specific hydroxyl groups of 
the glucose ring with aromatic chromophores of the enzyme 
(Ma & Ray, 1980). Thus, spectral differences between the 
complexes of V- 1 -Glc-6-P and V-6-Glc- 1 -P with the dephospho 
enzyme are compared with the spectral differences between 
the complexes of Glc-6-P and Glc-1-P with the phospho en- 
zyme, where, by definition, the phosphate group attached to 
the glucose ring is bound at the distal site (see the introducton 
and Scheme I). The two sets of differences were essentially 
the same. Thus, in both inhibitor complexes the phosphate 
group binds as it does in those complexes that Glc- 1-P and 
Glc-6-P normally make with the phospho enzyme, viz., at the 
distal phosphate site (Scheme I). Hence, the vanadate ester 
grouping must bind at the proximal site, and we represent the 
V-6-Glc-1-P complex as E*V*6-Glc-l-P, by analogy with the 
normal complex, E-P-Glc- 1-P, and the V-1-Glc-6-P complex 
as E*V*l-Glc-6-P, by analogy with E-PsGlc-6-P. As noted 
in the introduction, the asterisks are used to emphasize a 
degree of uncertainty about chemical bonding in the oxy- 
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vanadium constellation of these complexes. 
The validity of the above conclusion about preferred binding 

modes is reinforced by the sensitivity of the pairwise spectral 
comparison. In fact, differences in the way in which even one 
hydroxyl group in a substrate/product pair interacts with the 
enzyme are readily detectable, as in complexes involving the 
E-PaMan- 1 -P/E-P-Man-6-P pair, as opposed to the E-P-Glc- 
l-P/E-P.Glc-6-P pair. Moreover, dissimilarities in the way 
that two sugar hydroxyl groups interact with the enzyme in 
a substrate/product pair, as in E-P.Gal-6-P/E-P.Gal-l-P, 
produce spectral differences quite unlike those observed for 
both the E-P.Glc-6-P/E-P.Glc-l-P and E*V* 1-Glc-6-P/ 
E*V*6-Glc-l-P pairs (Ma & Ray, 1980). Hence, in the in- 
hibitor complexes of the dephospho enzyme the sugar ring with 
its attached vanadate ester grouping must interact with the 
enzyme in the same manner as the normal sugar phosphate 
complexes of the phospho enzyme. 

The results of 31P NMR studies reinforce the case. Thus, 
the chemical shift of the phosphate group in E*V*6-Glc-1- 
P(Mg2+) is essentially the same as that for the sugar phosphare 
in E-P.Glc-l-P(Li+), In addition, the chemical shift in 
E*V* 1 -Glc-6-P(Mg2+) differs from that above by about 2 ppm 
and is similar to that for the sugar phosphate in E-P.Glc-6- 
P(Li+) (see Results and Figure 4c). 

Since the vanadate group of the mixed phosphate/vanadate 
esters of glucose binds at the proximal site where (PO<) 
transfer normally occurs, it is particularly important to 
evaluate the structure of the oxyvanadium constellation in these 
complexes, to decide whether the greatly increased kinetic and 
thermodynamic stability of these complexes, relative to that 
of the normal E-Glc-P, complexes, is caused by the formation 
of a pentacoordinate adduct of the vanadate ester grouping 
and to determine how the structure of these complexes might 
relate to that of the transition state for (PO<) transfer in the 
normal enzymic reaction. These are the subjects of the two 
following papers in this series (Ray & Post, 1990; Ray & 
Puvathingal, 1990). 

But, first, a brief consideration of whether the spectrum of 
the oxyvanadium constellation in Figure 2b might be the result 
of an artifact seems in order. The possibility of an artifact 
is considered, even though active-site binding seems firmly 
established, because of differences in the chemistry of vana- 
dates and phosphates. These differences might allow a spu- 
rious ligand to enter the coordination sphere of V(V) during 
formation of the E*V*6-Glc-l-P complex, viz., a ligand that 
would not be bonded to phosphorus during the normal enzymic 
reaction. Thus, the entry of groups, such as RS- or ArO-, 
could provide a rationale for the spectrum of V(V) in the 
enzymic complex since these ligands are more polarizable than 
HO- or RO- [cf. Ray and Post (1990)l. But such an entry 
does not provide a reasonable rationale for some of the 
properties of these complexes. Specifically, simple thiol/va- 
nadate complexes undergo a rapid reaction (Ray & Post, 
1990), which, in view of the disappearance of the 51V(V) NMR 
spectrum in  the presence of thiols (M. J. Gresser, personal 
communication), likely is caused by reduction of V(V) to 
V(1V). By contrast, the binding of the Vi/Glc-1-P inhibitor 
in the phosphoglucomutase system is completely reversible [see 
the fourth paper in this series (Ray & Puvathingal, 199O)l. 
Alternatively, the entry of an ArO- ligand from a tyrosine 
hydroxyl group would have produced anomolous absorbance 
changes in  the region of the near ultraviolet where tyrosine 
absorbs. In  fact, all tyrosine absorbance changes that ac- 
company formation of the inhibitor complex are readily ac- 
counted for in terms of binding of the phosphoglucosyl moiety 
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to the enzyme. Other observations that make an artifact seem 
unlikely include the failure of the two deoxysugar phosphates 
or of xylose-1-P to form a complex with vanadate plus the 
dephospho enzyme that is comparable to the complex formed 
by Glc-1-P plus vanadate. 

In addition, several observations suggest that the process 
generating the unusual absorbance spectrum which accom- 
panies formation of the inhibitor complexes is mechanism- 
based. For example, although Glc-P2 binds to the metal-free 
enzyme nearly as well as to E(Mg2+) (Ray et al., 1965; Ray 
& Long, 1976b), V-6-Glc-1-P does not bind detectably to the 
catalytically inactive metal-free form of the dephospho enzyme 
on treatment with Glc-1-P and Vi at a concentration product 
much larger than that which produces half-saturation of the 
Mg2+ enzyme, as judged by the failure to form the charac- 
teristic spectrum of E*V*6-Glc-1-P(Mg2+). The absorbance 
spectrum of the complex that eventually forms when the 
catalytically inactive Li+ complex of the enzyme is treated with 
much higher concentrations of Vi and Glc-I-P than required 
to half-saturate the Mg2+ enzyme (spectrum 12, Figure 3c) 
also is rather different from that of the E*V*6-Glc- 1-P(Mg2+) 
complex (dashed-line spectrum, Figure 3c). Thus, the for- 
mation of the inhibitor complex depends on a bivalent metal 
ion in a manner related to the dependence of catalytic activity 
on metal ions [cf. the fourth paper in this series (Ray & 
Puvathingal, 1990)]. The present results thus legitimize the 
candicacy of bound V-6-Glc-1-P for designation as a transi- 
tion-state analogue and place the more detailed analysis of 
spectral and thermodynamic observations described in the 
accompanying papers on a firm foundation. 
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