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ABSTRACT: The transition-state structure for inosine-uridine nucleoside hydrolase (IU-nucleoside hydrolase) 
from Crithidia fasciculata is characterized by oxycarbonium character in the ribosyl and weak bonds to 
the departing hypoxanthine and incipient water nucleophile [Horenstein, B. A., Parkin, D. W., Estupifiin, 
B., & Schramm, V. L. (1991) Biochemistry 30, 10788-107951. Inhibitors designed to resemble the 
transition state are slow-onset, tight-binding inhibitors with observed Km/K, values up to 2 x lo5 [Schramm, 
V. L., Horenstein, B. H., & Kline, P. C. (1994) J. Biol. Chem. 269, 18259-182621. Although slow- 
onset, tight binding is consistent with transition-state stabilization, more direct evidence can be obtained 
by comparing the groups which interact with the substrate to provide binding and catalysis with those 
which interact with the putative transition-state inhibitor. The Km value for inosine binding to IU-nucleoside 
hydrolase is independent of pH over the range 5.6-10.5. Dependencies of V,,, and Vm,,/Km on pH 
result in pH optima near 8.0. A single group with pK of 9.1 must be protonated for catalytic activity, and 
protonation of a second group with a pK of 7.1 results in loss of activity. l-(S)-Phenyl-l,4-dideoxy- 1,4- 
imino-D-ribitol (phenyliminoribitol) binds with an equilibrium Kd of 30 nM and has been proposed to be 
a transition-state inhibitor. The pH dependence for the competitive inhibition by phenyliminoribitol 
resembles the V,,, profile with the protonation of a single group, pK 7.5, required for inhibitor binding 
and the protonation of a subsequent group, pK 6.6, causing loss of binding. It has been proposed that the 
positive charge of protonated inhibitor (pK 6.5) is a recognition feature for binding as a transition-state 
inhibitor. However, the pH analysis indicates that the neutral inhibitor is the preferred species for binding 
the active form of the enzyme. The slow-onset phase of phenyliminoribitol binding disappears at low 
pH, suggesting that a time-dependent protonation of the bound complex could be responsible for the 
slow-onset phase of inhibition. 

The inosine-uridine preferring nucleoside hydrolase (IU- 
nucleoside hydrolase) from Crithidia fasciculata hydrolyzes 
the N-glycosidic bonds of the commonly occurring purine 
and pyrimidine nucleosides (Parkin et al., 1991). Kinetic 
isotope effect studies have established that the enzyme- 
stabilized transition state for inosine is distinct from the 
diprotonated purine which occurs during acid-catalyzed 
solvolysis (Horenstein et al., 1991; Garrett & Mehta, 1972; 
Cherian et al., 1990). Based on the geometry and electro- 
static potential surfaces of inosine and inosine at the transition 
state (Horenstein & Schramm, 1993a), a family of inhibitors 
were prepared which contain various features of the transition 
state (Horenstein & Schra", 1993b; Horenstein et al., 1993; 
Boutellier et al., 1994). A common feature of these inhibitors 
is the ability to be protonated to form ribooxycarbonium 
mimics and tight binding to the enzyme relative to the 
binding of substrates and substrate analogues (Figure I) .  On 
the basis of the similarity of the inhibitors to the experi- 
mentally determined transition states, it has been proposed 
that these are transition-state inhibitors. However, it has been 
pointed out that tight binding alone cannot establish mimicry 
of the transition state, and in some cases strong inhibition 
may be due to adventitious interactions in the active site 
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FIGURE 1: Inosine, the transition state for inosine stabilized by IU- 
nucleoside hydrolase, and the ionization states of phenyliminoribitol, 
the proposed transition-state inhibitor. The Kd for inosine is that 
determined here (see Figure 2 ) .  The constant Kd* for phenylimi- 
noribitol is taken from Horenstein and Schramm (1993b) and differs 
slightly from that reported here as a result of different assay 
conditions. The value of Kd* is the overall equilibrium between 
enzyme and inhibitor and includes the slow-onset phase of 
inhibition. 
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(McCarter & Withers, 1994). 
Transition-state inhibitors are those which exhibit tight 

binding by virtue of atomic interactions with the enzymatic 
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groups which stabilize the normal transition state. A method 
to establish transition-state interactions is to identify enzy- 
matic groups which stabilize the transition state by the pH 
dependence of catalysis. If the catalytic groups are involved 
in binding the transition-state inhibitor, but are distinct from 
those which stabilize the enzyme-substrate complex, the 
hypothesis for binding as a transition-state analogue can be 
strengthened. 

The IU-nucleoside hydrolase has favorable properties for 
pH analysis of inhibitor interactions. The kinetic mechanism 
is rapid-equilibrium, random; thus the binding of substrate 
is in thermodynamic equilibrium, and K, values closely 
approximate dissociation constants. Observed pK values for 
V,,,IK, thus represent ionizable groups in the free enzyme 
or substrate required for formation of the Michaelis complex, 
and pK values associated with V,,, are groups in the 
enzyme-inosine complex involved in catalysis, and these 
are required for formation of the transition state. No 
ionizable groups are observed in formation of the Michaelis 
complex. Conversion of the Michaelis complex to the 
transition state requires two ionizable groups, one of which 
must be protonated, and a second which must be unproto- 
nated. Binding of the proposed transition-state analogue 
requires these groups in the same protonation states required 
for catalysis. 

EXPERIMENTAL PROCEDURES 

Initial Rate Studies. The IU-nucleoside hydrolase was 
purified to homogeneity from C. fasciculata (Parkin et al., 
1991). The conversion of inosine to hypoxanthine and ribose 
was monitored by the change in the UV spectrum at 280 
nm. Reaction mixtures were maintained at 30 "C at the 
desired pH and were initiated by the addition of 37-50 p l  
of the appropriate enzyme dilution to give 1 .O mL. The final 
enzyme concentration was near 5 nM. To prevent significant 
depletion of inhibitor during inhibition experiments, the 
inhibitor concentrations were always greater than 200 nM. 
Conversion of 1 mM inosine to hypoxanthine under these 
conditions gave an absorbance change of 0.72 to 0.92 cm-' 
at 280 nm depending on pH. The inosine (recrystallized) 
concentration of stock solutions was calibrated by the UV 
absorbance. Reaction mixtures were buffered with 15 mM 
each of inorganic pyrophosphate, citrate, and phosphate or 
15 mM each of triethanolamine, CAPSO, and inorganic 
pyrophosphate, adjusted to the desired pH with HCl or 
NaOH. The response to pH was independent of the buffer 
system. 

Full inhibition patterns were determined with five substrate 
concentrations at three fixed concentrations of phenylimi- 
noribitol. Full inhibition patterns were determined at pH 5.5, 
6.5, 7.5, 8.6, and 9.6 and gave good fits to slope-linear 
competitive inhibition. When fit to the equation for non- 
competitive inhibition, the ordinate intercept values of 
Lineweaver-Burke plots were insignificant, consistent with 
competitive inhibition. At the remainder of the pH values, 
the K,, V,,,, and V,,,IK,,, values were determined by 
Lineweaver-Burke plots using five substrate concentrations. 
The K, values for phenyliminoribitol were established at a 
substrate concentration near the K, value, using five inhibitor 
concentrations. The values of Ki were established in Dixon 
plots, using a fixed substrate concentration near the K, value 
and five inhibitor concentrations. 

In all cases where Ki was determined, the initial rate 
portion of the inhibition curve was measured prior to the 
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Table 1: pK, Values for Kinetic Constants of IU-Nucleoside 
Hvdrolase 
~~~ 

ionization constantsb 
kinetic constant limiting value" ion (pK,) (p&) 

V,,, @mol/(min*mg)] 84 f 7 7.1 f 0.1 9.1 f 0.1 
k,,,lK,,, (M-] SKI) (3.0 f 0.8) x lo5 7.3 f 0.2 8.7 f 0.2 
Km' ($4 230 f 80 none none 
K? OtM) 0.17 f 0.05 6.6 zk 0.2 7.5 f 0.1 

(i This value represents the V,,,, kCat/K,, and Ki values which could 
theoretically be obtained if all of the enzyme and ligand available in 
the system were in the ionic state for most favorable binding. pK, 
values refer to groups which exhibit their catalytic or binding functions 
when in the deprotonated state. pKb refers to groups which exhibit 
their catalytic or binding functions when in the protonated state. The 
mean f standard deviation of the 14 independent determinations of 
Km shown in Figure 2 .  From the pK, values determined from the data 
of Figure 3. 
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FIGURE 2: Kinetic constants for hydrolysis of inosine by IU- 
nucleoside hydrolase and the observed K, values for phenylimi- 
noribitol as a function of pH. Units on the ordinate are pmol/ 
(minmg of enzyme) for V,,,, pmol/(min.mg*mM) for V,/K,, pM 
for Ki, and mM for K,. The points are the experimental values 
from fits of the initial rate data to the Michaelis-Menten equation 
or for the equation for competitive inhibition (Ki slope values). The 
lines for V,IK, and V,,, are the fit of the data to the equation for 
two ionizable groups leading to a bell shaped profile, for example; 
log V,,, = log[(limiting V,,,)/(l + H+/K, + K a + ) ]  (Cleland 
1977). The line drawn through the K, data is the average of the 
individual determinations, since there is no systematic variation. 

tighter, slow-onset component of phenyliminoribitol inhibi- 
tion (Horenstein & Schramm, 1993b). Initial rate and pH 
dependence of the kinetic constants were analyzed using the 
computer programs of Cleland (1977). 

RESULTS 

pH Dependence of Kinetic Constants for Nucleoside 
Hydrolase. The Km for inosine hydrolysis by IU-nucleoside 
hydrolase is independent, and V,,, is dependent on pH over 
the broad range from 5.6 to 10.5. Ionizable groups for V,,, 
exhibited pK values of 7.1 and 9.1 with a plateau between 
these pH values (Table 1 and Figure 2 ) .  Since inosine has 
no ionizable groups over this pH range, these pK values 
represent ionizable groups on the enzyme which are involved 
in catalysis but do not influence the K, value. The group 
with pK value 7.1 must be unprotonated and that at 9.1 must 
be protonated in order to achieve catalysis. The experimental 
data were fitted to the equation for two groups with distinct 
pK values where only the monoprotonated form is active. 
The data were also analyzed for their fit to the equation for 
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FIGURE 3: Inhibition constants for the total and neutral forms of 
phenyliminoribitol as a function of pH. Units on the ordinate scale 
are pM-I. The inhibition constants for the total form of phenylimi- 
noribitol are the observed K, values. Inhibition constants for the 
neutral form were calculated using a pKa of 6.5 for the protonation 
as indicated in the text and illustrated in Figure 1. The points are 
the observed experimental values for 1/K, (total) or those calculated 
with the assumption that only the neutral form of inhibitor causes 
inhibition (neutral). The lines are the fit of the data to (l/K,) = 
[(limiting l/K,)/(l -t- H+/Ka + KdHf)] (neutral) or ( l / K , )  = 
[(limiting l/K,)/(l + Hf/Ka -t Kt,/H+) (1 f Ht/Kd)] (total). For fit 
of the total data, K, was fixed at 6.6, based on the K, determined 
from the neutral data. 

two ionizable groups of similar pK on the acid side and one 
group at alkaline pH values. The data gave better agreement 
with the fit to single ionizable groups at both high and low 
pH values. The kinetic reaction mechanism for nucleoside 
hydrolase is rapid-equilibrium, random (Parkin et al., 199 1). 
Under these conditions, the pH profiles for V,,,IK, gave 
pK values for free enzyme and the pH dependence of V,,, 
provides the pK values of ionizable groups in the enzyme- 
substrate complex which are required for formation of the 
transition state (Cleland, 1977). The group which appears 
with pK 7.1 is proposed to correspond to an enzymatic 
carboxylate with an elevated pK value. The other group 
involved in transition-state formation is an enzymatic proton 
donor, proposed to be a histidine or arginine (see Discussion). 

The K, values for rapid equilibrium reactions are close 
approximations of dissociation constants. The pH depen- 
dence of K, identifies the pK values of ionizable groups on 
the enzyme or substrate required for the formation of the 
catalytically competent enzyme-substrate complex. No 
required ionizations are detected. Since the K, value of 230 
pM is unchanged across the pH range, inosine binds equally 
well to the active form at any pH. The results cannot 
eliminate the more complex possibility that substrate binds 
to all forms of the enzyme across this pH range. 

pH Dependence of Inhibition by Phenyliminoribitol. 
Inhibition by phenyliminoribitol is slope-linear competitive 
inhibition with respect to inosine as expected for competition 
with the substrate when initial reaction rates are measured. 
After several minutes in the presence of inhibitor, the reaction 
rate decreases as a result of slow-onset (tight binding) 
inhibition and yields a net inhibition constant approximately 
5-fold lower than the value calculated from the initial rate 
data (Horenstein & Schramm, 1993b). Experimental condi- 
tions for the results of Figure 2 were restricted to the initial 
rate period where competitive inhibition occurs. Competitive 
inhibitors, like substrates in rapid-equilibrium mechanisms, 
are in binding equilibrium with the enzyme, and the pK 
values represent the ionizable groups on both the free enzyme 
and inhibitor necessary for binding. A competitive inhibitor 
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FIGURE 4: Protonation states for binding of inosine, phenylimi- 
noribitol and for catalysis by IU-nucleoside hydrolase. E represents 
the ionization state of the enzyme at alkaline pH, with the 
catalytically significant protonations indicated as HE and HlE, 
respectively. Phenyliminoribitol is indicated as PIR and inosine as 
Ino. HE’ is an inhibitor-binding state of the enzyme. pKl-pK6 are 
pK values for the enzyme and enzyme-substrate complexes. The 
dissociation constant of 170 nM for phenyliminoribitol is for the 
HE‘ePIR complex. pKP,, is the pK value for free inhibitor. The 
dashed arrows and pK‘s ‘7.5 and <6.6 are hypothetical ionizations. 
The brackets labeled K,, V,,,/K,, and V,,, indicate the experimental 
origin for these pK values. The rate of 63 s-I is the theoretical 
maximum rate for the enzyme if all of the enzyme could be obtained 
as the HE-inosine form. Since, at any pH, fractions will be in the 
inactive Esinosine and HzE-inosine forms, this rate is not observed. 

which mimics inosine interactions would be expected to show 
pK values only for groups on the inhibitor, since no ionizable 
groups appear in the K, value for substrate binding. Direct 
acidhase titration of phenyliminoribitol has established a pK 
of 6.5 for the secondary amine (Horenstein et al., 1993; 
Horenstein & Schramm, 1993b; see Figure 1). If protonated 
and unprotonated forms bound equally, interacting with the 
same groups as substrate, no dependence of K, on pH would 
be observed. If only the neutral form or the cationic form 
bound and interacted as a substrate analogue, a single pK of 
6.5 would be observed. These possibilities are tested in the 
plot of log IIK, as a function of pH in Figure 3. 

At acid pH values the limiting slope approaches 2 for the 
observed inhibitor binding (1IKi) with a third ionizable group 
apparent above pH 7.0 (Figure 3, “total” curve). The binding 
of the inhibitor is at a maximum affinity near pH 7.2 and is 
strongly influenced by pH. The limiting slope at alkaline 
pH values is near unity, consistent with loss of inhibitor 
binding when this group is deprotonated. In summary, two 
unprotonated groups with pK values between pH 6 and 7 
and one protonated group with a pK value near 7.9 are 
required for the binding of the proposed transition-state 
inhibitor. The data fit well to three ionizable groups at 6.4, 
6.6, and 7.4, respectively (Figure 3). 

Data for the K, of phenyliminoribitol as a function of pH 
were corrected for the formation of the cationic inhibitor, 
and the data for inhibition by the neutral form of the inhibitor 
(Figure 1) were fit to the equation for two ionizable groups 
(Figure 3, “neutral” curve). The results establish that binding 
of the neutral inhibitor is dependent on pH and requires a 
group with a pK 7.5 to be protonated. Protonation of a 
second enzymatic group exhibiting a pK of 6.6 causes loss 
of binding of the neutral inhibitor. Binding of the inhibitor, 
unlike the substrate, requires the participation of a proton- 
donor/proton-acceptor pair similar to the ionizable groups 
required for catalysis. The difference between the neutral 
and total curves in Figure 3 is a group of pK 6.4, close to 
the actual pK of 6.5 for phenyliminoribitol. 
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E*inosine E-transition state E*phenyliminoribi to1 
FIGURE 5 :  Proposal for the ionic groups which interact with substrate and inhibitor to give the pK values shown in Figure 4. Substrate- 
binding forms the E-inosine Michaelis complex which is insensitive to the ionization state of R1, possibly a His residue, and Rz, a carboxylate. 
Inhibitor specificity studies (Horenstein & Schramm, 1993b; Boutellier et al., 1994) establish that the purine binding site also has hydrophobic 
character. All ribosyl hydroxyls are essential for significant enzymatic activity, and these are proposed to hydrogen-bond to three additional 
groups indicated as R3, Rq, and R=,. Transition-state stabilization requires protonation of the purine by RI and can only occur from the 
protonated R1 group. Likewise, stabilization of the oxycarbonium can only occur with the unprotonated R2-carboxyl. The E-phenyliminoribitol 
complex recruits R2 binding as the carboxylate anion. Although the phenyl group has no ionic interaction, stabilization of R2 as the anion 
and filling the hydrophobic pocket (indicated by the wavy line) is apparently linked to protonation of R1. 

A log plot of the Ki value for the phenyliminoribitol cation 
as a function of pH gives a slope of 2 at acid pH values 
followed by an asymptotic approach toward a Ki of zero 
(infinite affinity) as pH increases (not shown). These data 
could not be fit to equations associated with any of the 
enzymatic pK values in Table 1 and are therefore inconsistent 
with binding of the cationic species of phenyliminoribitol. 
Together, these results indicate that only the neutral form of 
phenyliminoribitol binds. Protonation of the inhibitor, or the 
group with pK 6.6 causes loss of inhibitor binding. 

The pH dependence of the slow-onset component of 
inhibition by phenyliminoribitol was followed by observing 
the time-dependent change in reaction rate. At pH 5.6 the 
slow-onset tight-binding inhibition phase was not observed. 
At pH values of 7.0 and above, the second component of 
inhibition was observed and accounted for an average 
increase in binding affinity of 2-fold at pH 7 and 2.6 & 0.2- 
fold above pH 8.0 (not shown). In this buffer system, the 
second component of inhibition was less than originally 
reported (Horenstein & Schramm, 1993b) and was found to 
be pH dependent only at higher pH values. 

DISCUSSION 

p H  Dependence of Kinetic Constants f o r  IU-Nucleoside 
Hydrolase. The protonation states of IU-nucleoside hydro- 
lase involved in catalysis are summarized in Figure 4. The 
independence of K, with pH “fairly reliably establishes” that 
substrate binds in rapid equilibrium with the enzyme (Tipton 
& Dixon, 1979) in the pH range of 5.6-10.5. Since inosine 
has no ionizable groups over this pH range, the neutral 
substrate binding to the monoprotonated form of the enzyme 
(HE) is established. This result is consistent with steady- 
state kinetic studies at pH 8.0 which established a rapid- 
equilibrium, random kinetic mechanism (Parkin et al., 1991). 

The V,,, is dependent on the protonation of a group 
labeled pK5 (Figure 4) with a pK of 9.1 and the unprotonated 
form of a second group with a pK of 7.1, indicated as pK6 
in Figure 4. These ionization constants are for the enzyme.- 
inosine complex and are the groups required to permit 
formation of the transition state. The pH profiles for V,,, 
indicate that only the monoprotonated form of enzyme (HE. 

Ino in Figure 4) has significant activity, although activities 
of 1% or less than the observed V,,, for the EaIno or H2E.- 
Ino species would not be easily detected over the experi- 
mentally accessible pH range. 

Enzymes which show small commitments to catalysis for 
substrate binding give V,,,IK, values which approximate 
pK values for the free enzyme. Since K, values are 
independent of pH, the V,,, and V,,,IK, values are equal 
within experimental errors of the pK determination (Table 1 
and Figure 4). The result indicates that substrate binding 
causes little change in the pK values. Thus pK3 and pK5 as 
well as pK4 and pK6 are most directly interpreted to represent 
the ionizations of the same groups in the absence and 
presence of inosine, respectively. Binding of inosine to E 
and H2E and inosine release from E*Ino and H2E-Ino cannot 
be determined from the results. If inosine binds to E and 
H*E, the dissociation constants for these complexes would 
be similar to 230 pM, since these interactions would create 
thermodynamic equilibria of four species. The complexes 
cannot give rise to products at rates of > 1% of V,,,, since 
the limiting slopes of the V,,, plot show no plateau regions. 

Ionization State for Phenyliminoribitol Binding. Freely 
reversible binding of a competitive inhibitor permits the 
determination of pK values for groups on the free enzyme 
which influence inhibitor binding (Cleland, 1977). Unlike 
the substrate, the binding of phenyliminoribitol is dependent 
on the ionization state of its imino group and of two groups 
on the enzyme. The dependence of inhibitor binding on two 
enzymatic groups, which have the same protonation states 
as for catalysis, indicates that the inhibitor binds to the 
catalytically active enzyme form. This binding pattern 
provides evidence that the inhibitor is binding as a transition 
state inhibitor, rather than as a substrate analogue, since the 
ionizable groups, presumed to be those in catalysis, are 
necessary for inhibitor binding. 

The ability of phenyliminoribitol to mimic the cationic 
nature of the transition state was originally proposed as one 
of the reasons for its action as a tight-binding inhibitor. In 
addition to tight binding, the slow-onset inhibition (Horen- 
stein et al., 1993b) fits the characteristics of many transition- 
state inhibitors (Morrison & Walsh, 1988). However, the 
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pH profile for pKi, corrected for pKpi, (Figure 4), establishes 
that only the neutral form binds, with a dissociation constant 
of 170 nM. This constant does not include the slow-onset 
component of inhibitor binding which occurs over a period 
of minutes and increases the affinity by 2.6-fold (earlier 
studies in a different buffer system gave a 5-fold change to 
30 nM; Horenstein & Schramm, 1993b). The pH depen- 
dence of the slow-onset tight-binding phase indicated that 
the slow onset phase is present at higher pH ranges but was 
not detectable at pH 5.6. This result suggests the initial, 
freely reversible binding of inhibitor as the neutral species 
with its time-dependent rearrangement of the enzymatic 
groups to form a more tightly bound species. It can be 
speculated that this tightly bound form involves active site 
rearrangement to provide a more favorable bonding pattern 
to the enzyme. The tight-binding could include proton 
transfer to the imino group to form an ion pair between an 
enzymatic anion and the protonated imino group, as indicated 
by the lower broken arrows in Figure 4, pK < 6.6. 

The rapid-equilibrium random mechanism of IU-nucleo- 
side hydrolase and the competitive inhibition with phe- 
nyliminoribitol predicts that pK values determined from pH 
dependence of V,,,IK, and Ki would be approximately equal, 
Le., pK1 E pK3 and pK2 = pK4 in Figure 4. The observed 
differences of 1.2 pH units between pK1 and pK3 and 0.7 
pH unit between pK2 and pK4 establish that ionizations 
determined in the presence of phenyliminoribitol differ in a 
fundamental way from those determined from Vmax/Km. One 
possibility is that the enzyme exists in conformational 
isomers HE and HE’, in which phenyliminoribitol binding 
prefers HE’ (Figure 4). A second possibility is that binding 
of phenyliminoribitol causes shifts of the pK values to ‘7.5 
and <6.6, respectively (Figure 4), and that the binding, at 
170 nM, is not in true rapid equilibrium. The lower pK 
values would thus influence the experimental values of pK1 
and pK2. Such a shift would have no effect on pK values 
determined from VmaXIKm. The k,,,/K, value of 3 x lo5 
M-I s-’ for IU-nucleoside hydrolase is only of the 
rate for diffusion-limited catalysis; therefore, the distribution 
into two or more isomeric forms is well within catalytic 
limits. However, nonequilibrium partitioning of the enzyme 
into different inhibitor complexes would also be expected 
to cause loss of the competitive inhibition patterns. Resolu- 
tion of these issues will require a detailed analysis of the 
stoichiometry and slow-onset kinetics of a transition-state 
inhibitor with more favorable properties for the second 
inhibitory phase [e.g., see Boutellier et al. (1994)l. 

Ionizable Enzymatic Groups. The pK values of 8.7 and 
7.3 for pK3 and pK4, respectively (Figure 4), are the ionizable 
groups on the free enzyme. These groups are also the 
candidates for groups required for catalysis, since the same 
groups (pK5 and pK6) appear in the pH dependence of V,,,,,. 

Recent results from X-ray crystal structural analysis of 
the unliganded enzyme indicates that the proposed substrate 
binding site contains several carboxylates in the bottom of 
the site and a histidine, hydrophobic groups, and possibly 
an arginine in positions which might be expected to interact 
with the purine base.l A possible assignment of the p& 
values would be His or Arg for pK3 and pK5 and carboxy- 
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late(s) for pK4 and pK6 (Figure 4). A protonated His or Arg 
could act as a proton donor for the leaving group hypoxan- 
thine, and an unprotonated carboxylate is proposed to 
stabilize the oxycarbonium of the transition state. This 
pattern can explain the interaction of the unprotonated 
phenyliminoribitol, since the unprotonated carboxylate would 
be expected to form a stable hydrogen bond to the partial 
positive imino hydrogen. These interactions are summarized 
in Figure 5. These ionization assignments correspond to the 
known structure of the transition state ensemble for the 
enzyme and explain the observed pK patterns. 

Inhibitors which attempt to mimic the positive charge and 
hydroxyl pattern of sugar oxycarbonium ions at the enzyme- 
stabilized transition states have been discovered or developed 
for enzymes with specificities for ribosides, glucosides, 
arabinosides, mannosides, and galactosides (Papandreou et 
al., 1993; Axamawaty et al., 1990; Boutellier, 1993; Horen- 
stein et al., 1993; Knapp et al., 1993, 1994). The ionization 
state for optimum binding of these inhibitors has been 
proposed to require an anion-cation match between a general 
acid catalyst and the inhibitor. Thus, optimum inhibition of 
an arabinofuranosidase by iminothreitol or iminoarabinitol 
required the pK of the inhibitor to be below the pK of the 
acid-catalytic group (Axamawaty et ai., 1990). In this case 
the protonated, cationic inhibitor binds to the unprotonated 
anionic catalytic site. The inhibitory properties of flattened 
and ionizable amide, amidrazone, and amidoxime monosac- 
charide derivatives of glucone, mannono, and galactonolac- 
tams are less dependent on ionization state, suggesting that 
their inhibitory properties are primarily geometric (Papan- 
dreou et al., 1993). The binding of the neutral form of 
several such inhibitors is also observed, often in patterns 
which precludes their binding as transition-state inhibitors 
[e.g., Dale et al. (1985) and Axamawaty et al. (1990)]. 
Inhibition of IU-nucleoside hydrolase represents the case 
where inhibition occurs only with neutral inhibitor, but the 
binding pattern mimics that of catalysis and therefore 
qualifies as transition-state inhibition. The partial positive 
charge which resides on the imino hydrogen in unprotonated 
phenyliminoribitol provides an excellent candidate for hy- 
drogen bonding to a carboxylate which normally ion-pairs 
with the oxycarbonium of the transition state (Horenstein & 
Schramm, 1993a,b). 

I M. Degano, D. M. Gopaul, V. L. Schramm and J. C. Sacchettini, 
unpublished observations. 
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