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ABSTRACT: The transition state of the V , ,  mutant of AMP nucleosidase from Azotobacter vinelandii [Leung, 
H.  B., & Schramm, V. L. (1981) J. Biol. Chem. 256, 12823-128291 has been characterized by heavy-atom 
kinetic isotope effects in the presence and absence of MgATP, the allosteric activator. The enzyme catalyzes 
hydrolysis of the N-glycosidic bond of A M P  at approximately 2% of the rate of the normal enzyme with 
only minor changes in the K ,  for substrate, the activation constant for MgATP, and the Ki for formycin 
5’-phosphate, a tight-binding competitive inhibitor. Isotope effects were measured as a function of the allosteric 
activator concentration that increases the turnover number of the enzyme from 0.006 s-l to 1.2 s-’. The 
kinetic isotope effects were measured with the substrates [ 1’-3H]AMP, [2’-*H]AMP, [2’-2H]AMP, [9- 
15N]AMP, and [ 1’,9-I4C, I5N]AMP. All substrates gave significant kinetic isotope effects in a pattern that 
establishes that the reaction expresses intrinsic kinetic isotope effects in the presence or absence of MgATP. 
The kinetic isotope effect with [9-I5N]AMP decreased from 1.034 f 0.002 to 1.021 f 0.002 in response 
to MgATP. The [ 1’-3H]AMP isotope effect increased from 1.086 f 0.003 to 1.094 f 0.002, while the kinetic 
isotope effect for [ 1’,9-I4C, I5N]AMP decreased from 1.085 f 0.003 to 1.070 f 0.004 in response to allosteric 
activation with MgATP. Kinetic isotope effects with [1’-I4C]AMP and [2’-2H]AMP were 1.041 f 0.006 
and 1.089 f 0.002 and were not changed by addition of MgATP. Transition-state analysis using bond-energy 
and bond-order vibrational analysis indicated that the transition state for the mutant enzyme has a similar 
position in the reaction coordinate compared to that for the normal enzyme. The mutant enzyme is less 
effective in stabilizing the carbocation-like intermediate and in the ability to protonate N7 of adenine to 
create a better leaving group. This altered transition-state structure was confirmed by an altered substrate 
specificity for the mutant protein. 

T e a t m e n t  of Azotobacter uinelandii with nitrosoguanidine 
produced a cell strain that contains a V,, mutant of the AMP 
nucleosidase protein (Leung & Schramm, 1981). Other 
properties of the enzyme, including the K, for AMP, activation 
by MgATP, and inhibition by formycin 5’-phosphate, were 
changed by less than 2-fold. Preliminary studies indicated that 
the mutant enzyme gave an altered family of heavy-atom 
kinetic isotope effects relative to the normal enzyme (Parkin 
& Schramm, 1984). Recently, we have established that the 
native AMP nucleosidase catalyzes a concerted reaction that 
expresses intrinsic kinetic isotope effects (DeWolf et al., 1986; 
Parkin & Schramm, 1987). The transition-state structures 
for acid- and enzyme-catalyzed hydrolysis of the N-glycosidic 
bond of AMP have been determined from the family of kinetic 
isotope effects (Mentch et al., 1987). For native AMP nu- 
cleosidase, transition-state analysis was used to establish that 
the transition state is altered by the action of the allosteric 
activator (Parkin & Schramm, 1987; Mentch et al., 1987). 
The results indicated that transition-state analysis can also be 
used to determine the nature of active-site mutations at the 
level of the transition-state structure. 
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In this study, isotope effects have been measured that es- 
tablish that the V , , ,  mutant of AMP nucleosidase expresses 
intrinsic kinetic isotope effects. Kinetic isotope effects were 
determined in the presence and absence of the allosteric ac- 
tivator. Transition-state structures were calculated by using 
the functions that relate the magnitude of kinetic isotope effects 
to the bond orders and vibrational force field of the transition 
state (Bigeleisen & Wolfsberg, 1958; Sims et al., 1977; Sims 
& Lewis, 1984). This experimental protocol can establish 
details of enzymatic transition-state structure for enzymes that 
express full kinetic isotope effects (Cleland, 1982; Schar- 
Schmidt et al., 1984). For mutant enzymes, or enzymes that 
have been altered by site-directed mutagenesis, this approach 
has the potential to provide information on the changes that 
occur in the transition state. Transition-state structures are 
not available from X-ray crystal structures or from NMR 
studies that report on the location and environment of specific 
atoms in stable reactant configurations. Studies with tran- 
sition-state inhibitors also give structures that may approximate 
but differ from the actual transition state. Heavy-atom kinetic 
isotope effects offer the only method currently available to 
investigate enzymatic transition-state structure. Although 
several assumptions must be made about molecular motion 
in the transition state (Sims & Lewis, 1984), the correlation 
of theory with transition states for well-established chemical 
reactions provides confidence that such analyses have validity. 
Recent theoretical studies also provide evidence that these 
methods provide good approximations of transition-state 
structures (Huskey, 1991). 

The results of this study establish that mutagenesis of AMP 
nucleosidase that decreases V,,, also changes the nature of 
the transition state. Application of these methods to site- 
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Table I: Substrates for the Determination of Kinetic Isotope Effects with AMP Nucleosidase and a Summary of Isotope Effects in the Absence 
and Presence of M n A T P  
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substrates 
kinetic isotope effectb 

isotope effect abbr. no ATP 0.5 mM MgATP 
[ I’-I4C)AMP + [5’-’H]AMP primary I4C 14~1’ 1.041 f 0.006 (3) 1.041 k 0.003 (3) 
[9,5’-I5N, “CIAMP + [5’-’H]AMP primary I5N I5N9 1.034 f 0.002 (9) 1.021 f 0.002 (6) 
[9,1’-I5N, I4C]AMP + [5’-’H]AMP multiple primary I4C-I5N I4Cl’ + 15N9 1.085 f 0.003 (3) 1.070 * 0.004 (3) 
[ l’-’H]AMP + [5’-I4C]AMP a-secondary ’H ”1‘ 1.086 f 0.003 (3) 1.094 f 0.002 (3) 
[2’,5’-*H, ’HIAMP + [5’-14C]AMP j3-secondary 2H 2H2’ 1.089 f 0.002 (6) 1.086 i 0.002 (6) 
[5’-’HIAMP + [5’-I4C]AMP controlC ’H5’ 0.997 f 0.002 (9) 

“Isotope effects are classified as primary, the heavy atom is a bonding atom in the bond being broken; a-secondary, the heavy atom is ,in the a 
position relative to the bond being broken; and @-secondary, the heavy atom is in the @ position relative to the bond being broken. bData for the I4Cl’ 
and ’HI’ isotope effects were reported previously (Parkin & Schramm, 1984) and are included for comparison. The number in parenthesis is the 
number of experimental determinations used for the average value and the standard deviation. cThe ’H5’ kinetic isotope effects for hydrolysis of 
AMP by acid and the native AMP nucleosidase were previously found to be 1.006 f 0.002 (Parkin & Schramm, 1987; Mentch et al., 1987). The 
’H5’ isotope effect for the mutant enzyme differs in being close to unity. This finding was confirmed by determination of the ”5’ isotope effect in 
simultaneous experiments with the native and mutant enzymes. Since the ’H5’ isotope effect is close to unity, no corrections were applied to the 
measured isotope effects. The control isotope effect with no ATP was not measured since other isotope effects in the ribose demonstrate minimal 
changes as a result of MgATP activation. 

directed enzyme mutations should be valuable in understanding 
the role of individual amino acids in stabilizing specific 
transition-state structures. 

MATERIALS AND METHODS 
Mutant AMP Nucleosidase. The strain of Azotobacter 

vinelandii that produces defective AMP nucleosidase was 
grown in 300-L batches in an airlift fermenter modified from 
that described previously (Schramm, 1974). Mixing and 
aeration were provided by air delivered through porous Teflon 
tubing. Purification of the mutant enzyme was based on 
published methods (Leung & Schramm, 1981) and the fol- 
lowing modification. After the DEAE-Sephadex step, the 
enzyme was concentrated and further purified by Ultra-Gel 
34 filtration chromatography with 0.1 M Tris-HC1, pH 8.0, 
containing 0.15 M KCl, 2 mM AMP, 0.1 mM dithiothreitol, 
and 0.1 mM EDTA as the eluant. The final step was on 
AMP-Sepharose as described previously (Leung & Schramm, 
1981). The modification increased the specific activity of the 
purified enzyme to 0.6 pmol min-’ mg-’ protein compared to 
the previously reported specific activity of 0.3 pmol min-’ mg-’, 
even though the previous preparation was nearly homogeneous 
by SDS-polyacrylamide gel electrophoresis. After storage for 
several years at -70 OC and numerous freeze-thaw cycles, the 
enzyme lost approximately 60% of its original activity. Kinetic 
isotope effects were independent of the specific activity of the 
enzyme preparation. Initial rate and kinetic isotope effect 
studies used homogeneous enzyme preparations with specific 
activities ranging from approximately 0.1 to 0.6. 

Isotopically Labeled AMP. AMP substrates were labeled 
with radioactive and/or heavy atoms by the chemical and 
enzymatic methods described previously (Parkin & Schramm, 
1987; Parkin et al., 1984). The isotopically labeled compounds 
used in this study are summarized in Table I.  

Measurement of Kinetic Isotope Effects. Kinetic isotope 
effect experiments measured the relative rates of hydrolysis 
of AMP that contained heavy or natural-abundance isotopes 
at specific positions. In every case, one substrate contained 
3H and the other contained 14C in the ribose portion of AMP. 
The ratio of 3H/14C in the product ribose 5-phosphate was used 
to calculate the kinetic isotope effects as previously detailed 
(Parkin & Schramm, 1987; Parkin et al., 1984). This com- 
petitive method gives information on Vmax/Km kinetic isotope 
effects, that is, the steps between free enzyme and substrate 
and the first kinetically irreversible step in the reaction. All 
kinetic isotope effects are expressed as the ratio of the natural 
abundance and heavy-atom kinetic isotope effects, i.e., 
(V,,,/K,,, for the light isotope)/( V , , , / K ,  for the heavy iso- 

r“’ 

FIGURE 1 : Structure of AMP and nomenclature of atoms surrounding 
the anomeric carbon of ribose 5-phosphate. The oxygen labeled 0’ 
is the water (or hydroxyl) nucleophile that replaces adenine in this 
reaction. A M P  is shown in the anti configuration around the glycosyl 
bond, its normal solution structure. The pK, for N1 is 3.6, and the 
pK,’ for N7 is <1 (Garrett & Mehta, 1972). 

tope). The nomenclature of atoms of AMP and the associated 
oxygen nucleophile in the enzyme-catalyzed transition state 
is shown in Figure 1. Abbreviations for specific heavy-atom 
kinetic isotope effects refer to the position of the label in AMP 
and the specific isotope substitution. The ’Hl’ kinetic isotope 
effect refers to the ratio of V , / K ,  for normal AMP and that 
with 3H at the 1’ position. Kinetic isotope effects on ligand 
binding (if any) do not influence V , / K , , ,  isotope effects when 
the catalytic step is slow relative to substrate addition and 
release. Thus, intrinsic VmaX/Km kinetic isotope effects can 
be used to calculate the transition-state structure. These 
conditions have been established for native AMP nucleosidase 
(DeWolf et al., 1986; Parkin & Schramm, 1987) and are 
established here for the mutant enzyme. 

Substrate Activity of 8-BrAMP. The hydrolysis of 8- 
BrAMP to 8-Br-adenine and ribose 5-phosphate by mutant 
and native AMP nucleosidases was measured by high-per- 
formance liquid chromatography. Reaction mixtures of 50 
pL (see Table 111) were incubated at 30 OC for appropriate 
intervals with the native or mutant AMP nucleosidase. 
Samples were analyzed for 8-Br-adenine and 8-BrAMP. 
Control incubations contained the same components but 
without enzyme. The small amount (<OS%) of 8-Br-adenine 
formed nonenzymatically in overnight incubations of the 
control was subtracted from the enzymatic rates. 

Calculations of Transition-State Structures. The BEBO- 
VIB-IV program [Quantum Chemistry Program Exchange No. 
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Table 11: ComDarison of Sinale and MultiDle Kinetic IsotoDe Effects for the Mutant AMP Nucleosidase 
combined I4Cl’ and 15N9 isotope effect 

individual isotope effects predicted isotope effect 
reaction condition 1 4 ~ 1 ’  I5N9 stepwise” concertedb obsd 
no ATP 1.041 f 0.006 1.034 f 0.002 1.040 f 0.006 1.076 * 0.007 1.085 f 0.003 
0.5 mM MgATP 1.041 f 0.003 1.021 f 0.002 1.041 f 0.004 1.063 f 0.004 1.070 f 0.004 

” For a reaction in which two bond breaking steps (transition states) contribute to the observed isotope effect. The predicted isotope effect for a 
stepwise mechanism is given by (I4Cl’ - l)/(I4Cl’ and I5N9 combined - 1) = I5N9/l5K, (Cleland, 1987). For AMP hydrolysis, 15Kq is calculated 
to be 1.01 2 based on the reported distribution of N7 and N9 tautomers (Dreyfus et al., 1975) and BEBOVIB calculations using the calculated bond 
orders for each tautomer (Wibrkiewicz-Kuczera & Karplus, 1990). This expression is for I5N9 and I4CI’ effects that occur in different steps. 
Distinct steps for AMP nucleosidase would be unlikely since I4Cl’ and I5N9 isotope effects are required to occur together in the initial C-N bond 
cleavage. For a concerted mechanism in  which all isotope effects arise from a single transition state, the predicted isotope effect is given by (I4Cl’ 
isotope effect) X (I5N9 isotope effect) (Hermes et al., 1982). 

337, Sims et al. (1977)] was used to determine the transi- 
tion-state structures that correspond to the measured kinetic 
isotope effects. Isotopic substitutions at Cl’, N9, Hl’, and 
H2’ were examined. Kinetic isotope effects were calculated, 
relative to a fixed reactant-state structure of AMP, for families 
of transition states that differ in one or more structural details. 
Comparison of measured and calculated kinetic isotope effects 
determines the transition-state structures that are consistent 
with the experimental results. 

Bond lengths and angles for the reactant AMP molecule 
were taken from X-ray data (Kraut & Jensen, 1963). Force 
constants for bond stretching, valence angle bending, and 
torsional rotation are estimated from tabulated values (Sims 
& Lewis, 1984; Wilson et al., 1955). The AMP atomic 
reactant model includes all atoms within two bonds of the 
cleaving Cl’-N9 bond of AMP, the atoms constituting the 
imidazole portion of adenine, and the ribosyl portion of the 
nucleotide, with the exception of atoms 03’ and H3’. The 
hydroxylic hydrogens are excluded in the model, since trial 
calculations indicated that they made no significant contri- 
bution to the calculated kinetic isotope effects. The AMP 
transition-state models include all atoms used in the reactant 
model, the attacking oxygen nucleophile, and, when appro- 
priate, a H that protonates N7. Replacement of a vibrational 
motion of the reactant model with a translational separation 
of the adenine and ribose produces a reaction coordinate for 
the transition-state model. Families of transition states were 
characterized that vary in the degree of bond breaking to N9, 
the extent of participation of a water nucleophile (0’ in Figure 
l ) ,  the relative degree of carbonium ion stabilization by con- 
jugation and hyperconjugation, the extent of protonation at  
N7, the various conformations of the ribose ring, and the angle 
of the attacking oxygen nucleophile. The bond-angle and 
bond-length changes associated with these structural modi- 
fications are translated into changes in stretching and bending 
force constants by using the approach of Sims & Lewis (1984). 
A more detailed description of the application of these rules 
to AMP hydrolysis is found in recently published work 
(Mentch et al., 1987). The effects of various assumptions on 
the calculated isotope effects are discussed by Huskey (1991). 
The results reported here extend the reactant and transition- 
state models by including a closed ribosyl ring and including 
the ribose configuration at C2’ and C4’. The ribose confor- 
mation in the transition state is modeled similarly to that for 
the crystal structure of ribonolactone, which has sp2 hydr- 
idization at C1’ (Kinoshita et al., 1981). The transition-state 
models included a shortened C1’-HI’ bond and an out-of-plane 
bending mode for H1’ to reflect the sp2 hydridization at Cl’. 
The effect of the angle of attack of the water nucleophile (0’ 
in Figure 1) on the isotope effect was also considered. The 
direction of the water attack had a small influence on the 
calculated kinetic isotope effect until the oxygen was more than 

20 O out-of-line from the direction of the breaking Cl’-N9’ 
bond. Thus, all models were made with the assumption that 
the attacking 0’ was 180’ from the departing adenine. 

The BEBOVIB-IV program has been modified to run on 
IBM-compatible and MacIntosh personal computers, the 
Silicon Graphics Personal Iris workstation, and the 4D/80S 
and 4D/240 Silicon Graphics processors. Typical computa- 
tional times to obtain the kinetic isotope effects for 16-atom 
transition states are 40 min, 5 min, 2 min, 15 s, and 5 s for 
the ATT 6300 1 MB with math coprocessor, MacIntosh I1 
with 5 MB and math coprocessor, MacIntosh I1 ci, and Silicon 
Graphics 4D/80S and 4D/240 processors, respectively. 

RESULTS 
Kinetic Isotope Effects. The AMP substrates used for 

kinetic isotope effect determinations are summarized in Table 
I .  Kinetic isotope effects were measured in the absence of 
MgATP and at increasing activator concentrations to 0.5 mM. 
The activation constant for MgATP is near 22 pM, and the 
response of initial reaction rates to the activator concentration 
is strongly sigmoidal. A concentration of 0.5 mM MgATP 
is near saturation. Values for the Vmax/Km kinetic isotope 
effects are given in Table I. The response of kinetic isotope 
effects to allosteric activation is illustrated in Figure 2. All 
substrates labeled with heavy atoms gave kinetic isotope effects 
that were normal (AMP containing the heavy isotope reacts 
more slowly) and significant compared to the standard errors 
of the measurement or to control experiments with both 3H 
and 14C in the isotopically “insensitive” positions (the 5’ 
position of AMP). The control kinetic isotope effect of 0.997 
f 0.002 with 3H5’ differs from the value of 1.006 f 0.002 
established for this reaction when catalyzed by acid or the 
native enzyme (Parkin & Schramm, 1987). Separate ex- 
periments established the significance of this difference 
(footnote b, Table I). 

Activation by MgATP had no effect on the 2H2’ and I4Cl’ 
kinetic isotope effects but caused a slight increase in the 3Hl’ 
effect and a substantial decrease from 1.034 to 1.021 in the 
15N9 kinetic isotope effect. The decrease in the ”N9 kinetic 
isotope effect was verified in the combined 14Cl’ + 15N9 kinetic 
isotope effect, which decreased from 1.085 to 1.070 as a 
function of MgATP (Table I). Since the isotope effect at I4Cl’ 
is not influenced by MgATP activation, the decrease must be 
attributed to the I5N9 effect. The change in the lSN9 kinetic 
isotope effect is abrupt and corresponds to the MgATP con- 
centration that causes the allosteric transition (Figure 2). 

The multiple kinetic isotope effect experiments with I4Cl’ 
and 15N9 labels in the same substrate are compared to the 
products of the individual kinetic isotope effects in Table 11. 
The combined kinetic isotope effects are slightly larger than 
those predicted from the individual isotope effects. However, 
the differences are not highly significant when considering the 
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Table 111: Comparison of 8-BrAMP as a Substrate for the Mutant 
and Native AMP Nucleosidase“ 
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FIGURE 2: Kinetic isotope effects for the mutant and native AMP 
nucleosidases as a function of MgATP, the allosteric activator. The 
upper panel presents data for the mutant enzyme. The line labeled 
‘Initial Reaction Rate” indicates the change in the initial rates of 
product formation as a function of MgATP. In the absence of MgATP 
the rate is 0.005 times that of the maximum rate when AMP is 
maintained at 0.5 mM. The concentration of AMP was near 1 mM 
in experiments to determine the kinetic isotope effects. Data for the 
3Hl’ and I4CI’ isotope effects at 0 and 500 rM MgATP were reported 
previously (Parkin & Schramm, 1984) and have been corrected for 
the actual 3HS’ isotope effect with the mutant enzyme. The error 
bars are two standard deviations of the mean. The lines were drawn 
by eye to fit the experimental points. The number of determinations 
for each isotope effect is given in Table I. The isotope effect (left 
ordinate scale) is the experimentally measured isotope effect adjusted 
for the fraction of the substrate converted to products. The initial 
rate results are from Leung and Schramm (1981). The lower panel 
shows data for the native enzyme and includes the isotope effects 
reported by Parkin and Schramm (1984, 1987) for comparison with 
the mutant enzyme. 
experimental errors of the product of the individual kinetic 
isotope effects. Combined kinetic isotope effects smaller than 
the product of the individual effects would be indicative of 
multiple steps with similar energy barriers. The results of 
Table I1 establish that the primary heavy-atom kinetic isotope 
effects arise from the same step in catalysis. 

The kinetic isotope effects for native AMP nucleosidase are 
given in the lower panel of Figure 2 for comparison with those 
obtained with the mutant enzyme. The magnitude of the 

~ ~~ 

k,, (mol s-I mol-’ enzyme)b 
kcat 

(AMP)/ 
k-1 
(8- 

enzyme condition AMP 8-BrAMP BrAMP) 
native no ATP 0.3 <2 x 10-5 >1.5 x 104 

+ MgATP 62.0 <2 x 10-5 >3.1 x 106 
mutant no ATP 0.006 <2 X IOe5 >3 X IO2 

control + MgATP. FMPE <2 X IO” 2 X IO4 
+ MgATP 1.2 0.009 1.3 X IO2  

“Reaction mixtures contained 1 mM 8-BrAMP, 0.1 M triethanol- 
amine, pH 8.0, 30 mM KCI, 10 mM MgCI,, and where indicated 0.5 
mM ATP and 1.0 mM formycin 5‘-phosphate (FMP). The enzyme 
concentration was 0.29 mg/mL for both reactions. Samples were an- 
alyzed by HPLC after 1 ,  2, 3, 5, and 23 h at 30 OC. bThe functional 
catalytic unit of the native AMP nucleosidase is a dimer of molecular 
weight 110000, and the assumption is made that the mutant enzyme is 
similar, based on molecular weight studies (Leung & Schramm, 1981). 
The k,, values for the native and mutant enzymes have been corrected 
for the control rate of 8-BrAMP hydrolysis, determined to be 2 X lo-‘ 
based on the control experiment at 23 h. The control rate is expressed 
in the same units for easy comparison even though no enzyme was 
present in the control samples. cFormycin 5’-phosphate is a competi- 
tive inhibitor with Ki 40 nM for both enzymes. The control rate of 
8-BrAMP hydrolysis was determined in the presence of the mutant 
enzyme, inhibited by FMP. 

kinetic isotope effects and their responses to allosteric acti- 
vation by MgATP differ substantially for native and mutant 
enzymes. 

Altered Substrate Specificity for  the Mutant AMP Nu- 
cleosidase. The AMP analogue 8-BrAMP was compared as 
a substrate for native and mutant AMP nucleosidases. The 
results (Table 111) indicate that the native enzyme hydrolyzes 
8-BrAMP with a turnover number of less than 2 X 10” s-’ 
in the presence or absence of the allosteric activator. The rate 
is less than 0.0003% of the hydrolytic rate with AMP. The 
mutant enzyme hydrolyzes 8-BrAMP with a turnover number 
of 9 X s-* in the presence of MgATP, 0.7% as well as it 
hydrolyzes AMP. Control experiments that contained for- 
mycin 5’-phosphate, a strong competitive inhibitor of both the 
native and mutant AMP nucleosidases, inhibited 98% of the 
catalytic activity of the mutant enzyme activity with 8- 
BrAMP. Conversion of 8-BrAMP to 8-Br-adenine is thus an 
inherent activity of mutant AMP nucleosidase. The mutant 
enzyme required MgATP for the conversion, also indicative 
of AMP nucleosidase action. Extended incubations of the 
mutant and native enzymes with 1 mM 8-BrAMP gave a 16% 
enzymatic conversion of the substrate to 8-Br-adenine for the 
mutant enzyme, while no detectable enzymatic product 
(<0.2%) was formed with native enzyme. 

Transition-State Structures for  the Mutant AMP Nu- 
cleosides. The kinetic isotope effects summarized in Table 
I correspond to the transition-state structures given in Figure 
3. The agreement between calculated kinetic isotope effects 
for specific transition states obtained with the BEBOVIB-IV 
program and the experimentally determined values is shown 
in Table IV. In the absence of ATP, two transition-state 
structures were found that correspond to the experimental 
isotope effects. One transition-state structure for the reaction 
without ATP lacks protonation of N7 in the transition state 
and has a Cl’-N9 bond order of 0.094 and a 0’-C1’ bond 
order of 0.026. The other transition state in the absence of 
ATP is protonated at N7 and has a Cl’-N9 bond order of 0.04 
and a 0’-C1’ bond order of 0.06 (see Figure 3). In the 
presence of MgATP, only one transition-state structure was 
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Table IV: Comparison of Experimental Kinetic Isotope Effects for the Mutant AMP Nucleosidase with the Calculated Effects for Specific 
Transition-State Structures‘ 

no ATP 
calcd with ATP 

isotope effect calcdd expl CI’-N9 = 0.094* CI’-N9 = 0.04‘ expl calcd 
14c I 1.041 f 0.006 1.041 1.040 1.041 f 0.003 1.039 
’HI‘ 1.086 f 0.003 1.087 1.087 1.094 f 0.002 1.096 
lSN9 1.034 f 0.002 1.034 1.034 1.021 f 0.002 1 :023 
2H2‘ 1.090 f 0.002 1.090 1.091 1.086 f 0.002 1.085 

’ Bond orders were systematically varied in the transition-state structures and the expected kinetic isotope effects calculated with the BEBOVIB-IV 
program as described under Materials and Methods. bThe calculated kinetic isotope effects correspond to the unprotonated structure at N7, which 
is labeled “Transition State, No ATP” in Figure 3. CThe calculated kinetic isotope effects correspond to the protonated structure at N7, which is 
labeled “Transition State, No ATP” in Figure 3. dOnly one chemically reasonable transition-state structure was found to correspond to the exper- 
imental results obtained in  the Dresence of MaATP and is labeled “Transition State, with ATP” in Figure 3 .  

found that satisified the measured isotope effects. Protonation 
of N7 by an enzymatic group and a bond order of 0.18 for 
the Cl’-N9 bond and 0.006 for the O’-Cl’ bond are the major 
characteristics of this transition state. 

DISCUSSION 
Evidence for Intrinsic Heavy-Atom Kinetic Isotope Effects. 

Kinetic isotope effects with the V,,, mutant of AMP nu- 
cleosidase from A .  vinelandii are characteristic of reactions 
with concerted bond cleavage that give intrinsic kinetic isotope 
effects. These include (a) constant kinetic isotope effects for 
*H2’ and I4Cl’ as the turnover number of the enzyme is altered 
by 240-fold, (b) a change in the opposite directions for the 3Hl’ 
and I5N9 kinetic isotope effects as the reaction rate is altered 
by allosteric activation, (c) expression of the ISN9 and 2H2’ 
isotope effects near the theoretical limit for the isotope mass 
with chemically reasonable transition states, and (d) multiple 
kinetic isotope effects being the product of the individual 
isotope effects. These features do not prove the presence of 
full intrinsic isotope effects. However, any kinetic commitment 
that decreases the observed isotope effects must be coinci- 
dentally compensated by changes in transition-state structure 
to decrease only the ISN9 effect while increasing the 3Hl’ effect 
with no change in the 2H2’ and 14Cl’ effects. Thus, we can 
conclude that intrinsic or very nearly intrinsic isotope effects 
are observed. When intrinsic isotope effects are observed, the 
transition-state structure can be established by a systematic 
search of bond orders, bond angles, and vibrational frequencies 
for the transition state that corresponds to the family of 
measured kinetic isotope effects (Sims & Lewis, 1984). This 
theory has been applied to a number of chemical reactions and 
more recently to several enzymatic reactions (Mentch et al., 
1987; Sims & Lewis, 1984; Rodgers et al., 1982; Markham 
et al., 1987). Comparison of enzymatic transition states where 
the catalyst has been changed by allosteric modifiers (Mentch 
et al., 1987), essential cofactors (Markham et al., 1987) or, 
as reported here, by mutation of the protein provides new 
insight into the nature of catalysis and its regulation. 

The 3H/i4C competitive method of measuring isotope effects 
measures V,,,/K, and therefore gives information on the 
collection of intermediates between the free enzyme and 
substrate and the first irreversible step in the catalytic 
mechanism (Northrop, 1981). For the native AMP nucleo- 
sidase, the first irreversible step is the conversion of AMP to 
products on the enzyme, since this equilibrium strongly favors 
products (DeWolf et al., 1986). The equilibrium of en- 
zyme-bound intermediates has not been directly determined 
for the mutant enzyme. However, the isotope effects clearly 
establish bond breaking as the highest energy barrier in the 
V,,,/K, profile since both the I5N9 and 2H2’ isotope effects 
are near the maximum theoretical values for reasonable SN1 
transition states for N-glycosidic bond hydrolysis. Reaction 

Table V: Expected Isotope Effects for AMP Glycoside Bond 
Hydrolysis with sN1 or SN2 Transition-State Structures’ 

transition-state 
structure 

isotope effect S N  1 sN2 
‘4C1‘ 1.04 1.10 
I5N9 1.03 1.02 
3 ~ 1 ‘  1.28 1.02 
*H2‘ 1.08 I .oo 

‘The s N 1  transition state that gives these isotope effects has a c1’- 
N9 bond order of 0.05, with concommitant development of carbocation 
character in C1’-04’. There is no participatidh of Cl’-O’ bonding, 
and the N7 of adenine is protonated in the transition state. The SN2 
transition state that gives these isotope effects has CI‘-N9 and C1’-0’ 
bond orders of 0.5. The data are taken from BEBOVIB-IV calculations. 
The methods are summarized in Mentch et al. (1987), and these data 
are taken from calculations used for Figure 2 of Mentch et al. (1987). 

reversal is not a factor since product release is irreversible 
during initial rate measurements (DeWolf et al., 1986). 
Isotope effects on the binding of substrates [if any, see LaReau 
et al. (1989)] do not alter the meaning of V,,,/K, isotope 
effects, since Vm/K, effects report on the enzyme-equilibrium 
vibrational-energy differences between the free substrate and 
the bound transition state. Thus, the observed isotope effects 
for the mutant AMP nucleosidase are likely to be intrinsic 
effects associated with chemical cleavage of the N-glycosidic 
bond in a single step. 

Qualitative Features of the Transition States. Transition 
states for N-glycoside hydrolysis with S,1 and SN2 charac- 
teristics give families of kinetic isotope effects in the ranges 
shown in Table V, which can be compared to those for the 
mutant AMP nucleosidase in Table I. The enzymatic reaction 
differs from both, although features of both can be found. The 
2H2’ isotope effect of greater than 1.08 clearly eliminates a 
transition state with strong nucleophilic character or any 
mechanism with compression of bonds in the reaction coor- 
dinate around C1’ in the transition state. Weak reaction 
coordinate bonds to C1’ indicate a strong carbocation character 
in the ribose ring. Acid-catalyzed solvolysis of glucosyl py- 
ranosides, which is known to give SN1-like transition states, 
gives 2H2’ @-secondary isotope effects of 1.080 (Bennet & 
Sinnott, 1986). The 3Hl’ effect of 1.09 is smaller than that 
predicted for classic SN1 transition states but larger than that 
of SN2-like transition states, indicating that the out-of-plane 
motion of H1’ is restricted in the enzymatic transition state. 
By comparison, the acid-catalyzed solvolysis of AMP gives a 
3H’ effect of 1.23 (Parkin & Schramm, 1984; Parkin et al., 
1984). The decreased 3Hl’ isotope effect clearly invokes the 
participation of a water nucleophile as shown in Figure 3. 
Isotope effects with I4Cl’ are near 1.04 and indicate modest 
reaction coordinate motion of C1’ in the transition state, re- 
sembling the SN1-like transition state. Symmetric SN2 tran- 
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sition states can give 14Cl’ isotope effects greater than 1-10, 
with reported effects as large a 1.16 but more commonly near 
1.10 (Mentch et al., 1987; Rodgers et al., 1982; Melander & 
Saunders, 1980; Markham et al., 1987). The I5N9 effect is 
1.034 and decreases to 1.021 in the presence of the allosteric 
activator. The value of 1.034 is the maximum expected I5N 
effect for an SN1 mechanism and is near the theoretical limit 
of 1.04 for a change of 1.0 in the total bond order to N9 
(Mentch et al., 1987). This value reports on the total bonding 
to N9 in the transition state, with loosely bound N giving rise 
to the largest kinetic isotope effects. Since both the extent 
of CI’-N9 bond breaking and the protonation of the adenine 
ring influence the bonding to N9 in the transition state, the 
I5N isotope effect does not discriminate well between asso- 
ciative and dissociative mechanisms. However, the large 
isotope effect establishes that bonding to N9 in the transition 
state is weak relative to that in the ground state and that the 
bonding increases under conditions of allosteric activation. 

Combined Heavy-Atom Isotope Effects. The combined 
isotope effect with 14Cl’ and 15N9 labels in the same molecule 
was slightly larger than the product of the individual isotope 
effects both in the presence and absence of allosteric activation. 
The activator-induced decrease in the 15N9 isotope effect was 
also observed in the combined isotope effect. If C-N bond 
breaking occurs in a stepwise fashion with one transition-state 
barrier for C-N breaking and a second barrier of similar 
energy for a second transition state that involves only the 14C 
isotope effect, the I4C effect would partially obscure the 
combined l4C-I5N9 effect, reducing the observed effect to less 
than the product of the individual isotope effects (Mentch et 
al., 1987; Cleland, 1987). This would occur if, for example, 
the enzyme formed a covalent ribosyl intermediate as is pro- 
posed for p-galactosidase and other Oglycohydrolases (Sinnott, 
1987; Elliott et al., 1988) as well as NAD glycohydrolase 
(Schuber et al., 1976). The results (Table 11) demonstrate 
that the carbon and nitrogen isotope effects arise from a single 
step, since the large effects for a carboxonium-like transition 
state would be unlikely to be generated in two sequential steps. 
Kinetic and chemical evidence has also demonstrated that the 
native AMP nucleosidase catalyzes a concerted reaction 
mechanism (DeWolf et al., 1986). On the basis of this pre- 
cedent and the combined isotope effects, a concerted mecha- 
nism for the mutant enzyme is likely. 

Quantitative Transition States for the Mutant AMP Nu- 
cleosidase. The transition-state structures that conform to the 
kinetic isotope effects and other features of catalysis by the 
mutant AMP nucleosidase are compared to the reactant-state 
AMP, based on the X-ray crystal structure (Figure 3) .  The 
conformation of AMP in solution is anti with respect to ro- 
tation around the Cl’-N9 bond, with the C1’44’  and N9-C8 
bonds approximately cis in this configuration. The relatively 
tight binding of formycin 5’-phosphate to both the normal and 
mutant enzymes (Km/Ki = >lo3) indicates that the enzymes 
prefer to bind nucleotides in the syn configuration, similar to 
the crystal structure of formycin 5’-phosphate (Giranda et al., 
1988). In this configuration, the C1’-04’ and N9-C8 bonds 
are approximately trans, as indicated in the middle and lower 
structures of Figure 3. The syn configuration of formycin 
5’-phosphate in the crystal is stabilized by a hydrogen bond 
between a phosphoryl hydroxyl and the nitrogen corresponding 
to N3 of AMP. A similar bonding could occur with en- 
zyme-bound AMP. 

Kinetic isotope effects for I4Cl’ and 2H2’ are independent 
of activation by MgATP, indicating that net bonding of these 
atoms in the transition state is not influenced by allosteric 

b 
Reactant Slate AMP 

6 Transition States, no ATP 

Transition SW, with ATP 

FIGURE 3: Proposed transition-state structures for the mutant A M P  
nucleosidase. The structure “Reactant State AMP” is taken from 
the crystal structure of AMP (Krant & Jensen, 1963) and is un- 
protonated at  N7 a t  pH 8.0 (pK, - I ) .  The conformation around 
the glycosidic bond is anti. All atoms two bonds or more from the 
CI’-N9 bond are shown and were used in the calculations for kinetic 
isotope effects. The bond orders for N 9 4 8  and C8-N7 are 1.37 and 
1.63, respectively, in the reactant state. The glycosidic bond order 
and bond orders in ribose are taken to be 1 .OO in the reactant AMP. 
The unmarked atoms are carbons. The structures labeled “Transition 
States, no ATP” are the two transition-state structures that correspond 
to the kinetic isotope effects in the absence of the allosteric activator. 
The total bond order to C1’ is 3.9 for the structure on the left and 
3.8 for the structure on the right for “Transition States, no ATP”. 
The attacking water oxygen nucleophile is attacking from below the 
ribose ring, 180’ from the departing adenine in a linear reaction 
coordinate. The structure on the left has not been protonated at  N7 
by the enzyme, while the structure on the right is protonated. The 
conformations around the glycosidic bonds are syn for the transition 
states with no ATP. The structure “Transition State, with ATP” is 
the structure that corresponds to the kinetic isotope effects in the 
presence of 0.5 mM MgATP. The total bond order to C1’ is 4.0 for 
”Transition State, with ATP”. A major difference between the 
middle-left and lower structure is the protonation of N7 by an acidic 
group of the enzyme, causing redistribution of bond order in the 
imidazole ring. The bond order to the departing adenine is higher 
in the presence of ATP, indicating an earlier transition state. The 
increased bond order in N9-Cl’ is accompanied by decreased bond 
order in the C1’44’  bond. The bond lengths are drawn to scale by 
using Pauling’s rule (bond length = single bond length - 0.3 In x, 
where x is the bond order). 
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activation. The altered I5N9 and 3Hl’ isotope effects indicate 
that allosteric changes increase the bonding to N9 in the 
adenine ring and cause a slightly greater freedom of motion 
for 3Hl’ in the transition state. In the absence of the activator, 
one proposed transition-state structure (left structure of Figure 
3) includes a weak bond order of 0.094 from C1’ to N9. 
Increasing the C 1’-N9 bond order or increasing the N9-C8 
bond order beyond 1.48 decreased the calculated I5N9 isotope 
effect significantly below the experimental value of 1.034 f 
0.002. This transition state indicates that the mutant enzyme 
has lost the ability to protonate N7 in the transition state in 
the absence of allosteric modification. 

Another transition-state structure that corresponds to the 
isotope effects in the absence of ATP has bond orders reversed 
in  the reaction coordinate and includes protonation of N7. 
These bond orders correspond to 0’-C1’ = 0.06, Cl’-N9 = 
0.04, N9-C8 = 1.70, and 0’4-C1’ = 1.84. The bond orders 
of this transition state are less reasonable than those for the 
transition state with unprotonated adenine as a leaving group. 
The oxycarbonium intermediate for acid-catalyzed solvolysis 
has an 04%1’bond order of 1.71 (Mentch et al., 1987). The 
04‘-C1‘ bond order of 1.84 is unreasonably large to represent 
the transition state for AMP nucleosidase. 

How can the mutant AMP nucleosidase catalyze even the 
observed rate of 0.006 s-I for adenine departure without the 
assistance of N7 protonation? The crystal structure of for- 
mycin 5’-phosphate demonstrates that the 5’-phosphate forms 
an internal hydrogen bond between the phosphate hydroxyl 
and N3 of the purine-analogue ring (Giranda et al., 1988). 
If  AMP is bound to the enzyme in the syn configuration, 
similar to the crystal structure of formycin 5’-phosphate, in- 
ternal N3 hydrogen bonding would be promoted and would 
facilitate adenine departure without protonation of N7. In 
the acid-catalyzed solvolysis of adenosine, rate constants have 
been proposed for both monoprotonated and diprotonated 
adenine, demonstrating that monoprotonation is sufficient for 
adenine departure (Garrett & Mehta, 1972) even though the 
rates are slow. These results suggest that the enzyme enforces 
formation of an internal hydrogen bond between N3  and the 
5’-phosphate to promote catalysis. This bonding pattern can 
explain the absolute requirement for the 5’-phosphate for 
catalysis (DeWolf et al., 1979). Since N1 is the most basic 
nitrogen of the adenine ring, it is also possible that the mutant 
enzyme may protonate N l  and hydrogen bond to N3  to assist 
in adenine departure. Enzyme-enforced intramolecular 
bonding has also been proposed for the reactions catalyzed by 
dehydroquinate synthase (Bender et al., 1989) and aspartate 
carbamoyl transferase (Gouaux et al., 1987). 

Effect of Allosteric Activation. Allosteric activation by 
MgATP changes both the 15N9 and the 3Hl’ kinetic isotope 
effects to a significant extent. This pattern occurs as a con- 
sequence of changes in bonding in both the adenine ring and 
the reaction coordinate bonding. Protonation of N7 increases 
the N9-C8 bond order by approximately 0.3 based on X-ray 
crystal structures of N7-protonated and unprotonated purines 
(Zoltewicz et al., 1970; Taylor & Kennard, 1982). The excess 
bond order in C1’-04’ decreases from 1.76 to 1 S O ,  reflecting 
an earlier transition state that requires less development of the 
oxycarbonium intermediate. 

Isotopic substitution in the ribose ring gave kinetic isotope 
effects that were independent of the presence of MgATP ex- 
cept for a small increase from 1.086 to 1.094 in the 3Hl’ effect. 
The change in the jH 1‘ effect represents an increase in bond 
order to the departing adenine and a decrease to the incipient 
water nucleophile. These changes provide an earlier transition 
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& Transition State, no ATP 

Transition State, with ATP 

FIGURE 4: Transition states for the native AMP nucleosidase. The 
reactant state (not shown) for AMP is the same as in Figure 3. The 
transition states of the native enzyme are taken from Mentch et al. 
(l987), where complete descriptions are given together with the isotope 
effects used to establish these transition states. 

state than in the absence of the allosteric activator. This result 
is similar to the native enzyme, where allosteric activation also 
causes the stabilization of an earlier transition state (Mentch 
et al., 1987). The transition-state structures for the native 
AMP nucleosidase are given in Figure 4 for comparison with 
those for the mutant enzyme in Figure 3. 

Low bond orders to the leaving adenine group and the in- 
cipient oxygen nucleophile are required to accommodate the 
hyperconjugation that develops in the ribose ring as indicated 
by the large 2H2’ isotope effect. Parameters that influence 
the I4Cl’ isotope effect are the total bond order to C1’ and 
the symmetry of the bonds in the reaction coordinate (0’- 
C1’-N9). Symmetric bonds of higher order increase the 
isotope effect, while asymmetry and decreased bond order 
decrease the isotope effect (Mentch et al., 1987). The cal- 
culated 3Hl’ effects vary from l .40 to near l .OO as the con- 
tributions of the 0’41’ and Cl’-N9 bonds each increase from 
0 to 0.5 bond order in the transition state. The large 2H2’ 
effect establishes that the ribose ring is oxycarbonium-like at 
the transition state. The 3Hl’ isotope effect establishes the 
restriction on the out-of-plane bending mode of H1’ in the 
transition state, which is the major source of the 3Hl’ isotope 
effect. With all isotope effects considered, only the transi- 
tion-state structures shown in Figure 3 or others that are 
closely related could account for the experimental kinetic 
isotope effects for the mutant AMP nucleosidase. The simplest 
explanation for the changes in the presence of MgATP is a 
more favorable positioning of the acidic group on the enzyme 
that protonates N7. 

Substrate Specifcity. Acid-catalyzed solvolysis of 8-sub- 
stituted adenosines demonstrates that the reactivity of 8-Br- 
adenosine > adenosine > 8-methoxyadenosine. These results 
have been interpreted as an inductive effect that aids the 
addition of the second proton at  N7, resulting in the reactive 
dication (Garrett & Mehta, 1972). The mutant AMP nu- 
cleosidase appears to be defective in the ability to protonate 
the adenine leaving group. Thus, 8-BrAMP should be a better 
substrate for the mutant enzyme if the catalytic defect is 
protonation of the leaving group. 

The mutant enzyme hydrolyzes 8-BrAMP at 0.54 min-l, 
while the reaction rate was less than 0.001 2 m i d  for the native 
enzyme, well below the limits of detection. This change in 
specificity is more pronounced when compared against the 
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enzyme, the 2H2’ kinetic isotope effect is more than double 
that for the native enzyme, indicating that 04’ ion pairing is 
less effective. The 2H2’ isotope effect for the mutant enzyme 
is near that observed for nonenzymatic hydrolysis of AMP 
(Mentch et al., 1987). Thus, a second defect in the mutant 
enzyme is a decreased ability to stabilize the oxycarbonium 
intermediate. 

Comparison of the Mutant and Native Transition States. 
The transiton-state structures for the native and mutant AMP 
nucleosidases are at approximately the same position in the 
reaction coordinate. The major difference in catalytic effi- 
ciency can be attributed to an altered ability to protonate N7 
in the absence of the allosteric activator and differences in the 
ability to stabilize the developing positive charge in the ribosyl 
group. Addition of the allosteric activator to the native enzyme 
causes hyperconjugative redistribution in the ribose ring that 
is expressed primarily as a decrease in the *H2’ isotope effect. 
The larger 2H2’ isotope effect for the mutant enzyme, which 
is unchanged by MgATP, establishes a decreased ability of 
the enzyme to stabilize the oxycarbonium intermediate. Thus, 
the 04’-C1’ bonds in the transition states for the native en- 
zyme have bond orders of 1.77-1.73 while in the mutant en- 
zyme these bonds are 1.76-1.50. A larger fraction of the 
excess bond order resides in Cl’-C2’ on the mutant enzyme, 
causing a substantial increase in the &secondary isotope effect. 

Conclusions. This work demonstrates the utility of tran- 
sition-state analysis to understand the effects of mutations that 
affect catalysis. Analysis of structures by X-ray analysis gives 
a static picture of Michaelis-like complexes, but these are of 
limited use in the analysis of catalytic intermediates. Likewise, 
transition-state inhibitors may be of limited use for enzymes 
altered by site-directed mutagenesis, since altered catalytic-site 
structure may result in altered transition states. The mutant 
AMP nucleosidase shows no significant difference in its affinity 
for formycin 5’-phosphate when compared to the native en- 
zyme (Leung & Schramm, 1981), while the differences in 
transition-state structures are easily measured by kinetic iso- 
tope effects and substrate specificity. The analysis of tran- 
sition-state structure by kinetic isotope effects for enzymes 
before and after mutation provides direct information about 
catalytic structures at the transition state. The analysis of the 
mutant AMP nucleosidase demonstrates the usefulness of this 
approach. 
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in reaction coordinate space (Figure 5 ) .  The possible tran- 
sition-state structures are confined to a small region that is 
SN 1-like and has low but significant preassociation of the water 
nucleophile. Not shown in Figure 5 are the changes in bonding 
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ABSTRACT: Bacillus polymyxa @-amylase contains three cysteine residues at  positions 83,91, and 323, which 
can react with sulfhydryl reagents. To determine the role of cysteine residues in the catalytic reaction, cysteine 
residues were mutated to construct four mutant enzymes, C83S, C91V, C323S, and C-free. Wild-type and 
mutant forms of the enzyme were expressed in, and purified to homogeneity from, Bacillus subtilis. A 
disulfide bond between Cysg3 and Cysg' was identified by isolation of tryptic peptides bearing a fluorescent 
label, IAEDANS, from wild-type and C91V enzymes followed by amino acid sequencing. Therefore, only 
Cys323 contains a free SH group. Replacement of cysteine residues with serine or valine residues resulted 
in a significant decrease in the k,,/K, value of the enzyme. C323S, containing no free SH group, however, 
retained a high specific activity, approximately 20% of the wild-type enzyme. None of the cysteine residues 
participate directly in the catalytic reaction. 

%e enzyme @-amylase (a- 1,4-glucan maltohydrolase, EC 
3.2.1.2) catalyzes the liberation of @-anomeric maltose from 
the nonreducing ends of a-1,4-glucan and is present in certain 
bacteria (Marshall, 1974; Murao et al., 1979; Shinke et al., 
1974; Takasaki, 1976; Hyum & Zeikus, 1985) as well as in 
higher plants (Bernfeld, 1955; Kreis et al., 1987). Five genes 
encoding @-amylase have been cloned and sequenced from both 
prokaryotes and eukaryotes (Kawazu et al., 1987; Rhodes et 
al., 1987; Kitamoto et al., 1988; Toda et al., 1988; Kreis et 
al., 1987; Mikami et al., 1988). Three highly conserved se- 

* To whom correspondence should be addressed. 

quences are recognized among them and are suggested to 
comprise the active site (Mikami et al., 1988). @-Amylases 
characterized to date are sensitive to various sulfhydryl- 
modifying reagents and are considered to contain an S H  group 
essential for the activity (Murao et al., 1979; Hyum & Zeikus, 
1985; Gertler & Birk, 1966; Spradlin & Thomas, 1970; Hi- 
gashihara & Okada, 1974; Uehara & Mannen, 1979). The 
exact role of cysteinyl residues in the enzymatic action, how- 
ever, remains uncertain, since the derivatization of the S H  
groups with alkylating reagents might inhibit the catalytic 
action only by steric hindrance at the active site (Mikami et 
al., 1980). 
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