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ABSTRACT
The development of kinetic isotope effect methods for enzymatic
reactions has resulted in the systematic determination of enzymatic
transition state structure for several distinct chemical reaction
mechanisms. Although it is early in the experimental development
of the method, examples of concerted nucleophilic displacements
(ANDN or SN2), aromatic nucleophilic displacements (AN*DN or SN-
Ar), and both concerted and stepwise dissociative nucleophilic
displacements (DNAN and DN*AN; SN1 reactions) have been exem-
plified. The transition state for each reaction exhibits a character-
istic extent of bond-breaking and bond-making, defined here as
transition state poise. Thus, concerted nucleophilic displacements
(SN2 or DNAN) exhibit various extents of residual bond order to the
leaving group and to the attacking nucleophile at the transition
state. Aromatic nucleophilic displacements reach their rate-limiting
transition states before or after formation of the tetrahedral
intermediate. Several concerted, symmetric nucleophilic displace-
ments at carbon have been described. Enzymatic transition state
poise is summarized in a single diagram of bond orders using the
terminology of Jencks. The analysis reveals enzymatic contributions
to transition state poise, provides precedent for assignment of
reaction types, and summarizes the current status of the experi-
mental characterization of enzymatic transition states. Binding
strengths of transition state analogues are readily correlated with
transition state poise.

I. Introduction
Kinetic isotope effects (KIEs) are the change in reaction
rates caused by an isotopic substitution.1 Kinetic iso-
tope effects provide transition state information for
enzymatic reactions when making or breaking covalent
bonds are slow steps in the reaction, or when corrections
can be made for interfering steps.2,3 Fortunately, methods
have been established to reveal intrinsic KIEs by use of
altered pH, temperature, sub-optimal substrates, mutated
enzymes, substrate trapping experiments, and rapid reac-
tion techniques.4 Bond-energy bond-order vibrational
analysis (BEBOVIB), and its successors (VIBE, ISOEFF,
and CTBI) that incorporate quantum chemical calcula-
tions, provide practical, but still-evolving approaches for
the conversion of experimental KIE to transition state
information.5-9

The challenges of producing substrates labeled with
isotopes have been largely overcome by improved chemo-

enzymatic methods of synthesis for labeled substrates,
now in demand for KIE studies as well as for NMR and
vibrational spectroscopy.4,10-11 The accurate measurement
of small KIEs has been solved by competitive label
methods and advances in mass spectrometry and NMR.12-14

Early analyses of enzymatic transition states used two
isotope effects to establish the oxacarbenium character
of a transition state for lysozyme.15 More extensive studies
on catechol-O-methyl transferase included transition state
mapping to establish the Pauling bond order to attacking
and departing nucleophiles.16 Current analyses of enzy-
matic transition states measure KIE for many positions
in the same substrate to provide bond information for all
reacting atoms and their neighbors at the transition state.4

Transition state analyses have established that enzy-
matic reactions differ from their uncatalyzed counterparts,
and even isozymes have altered transition state structures
specified by catalytic site environments. This observation
is related to the well-known influence of solvent on
transition state structure.17 In enzymatic reactions, the
solvent for transition state formation is the interior cavity
of the catalytic site. During catalysis, the active site is
closed, bulk solvent is excluded, and substrate escape is
highly improbable, equivalent to the statements that
enzymes bind tightly to the transition state complex or
stabilize the transition state structure. However, other
views have been published.18

Here, we describe the extent of bond-breaking and
bond-making at the transition states of enzymatic nu-
cleophilic displacements as transition state poise. Ex-
amples are provided from the steadily accumulating
information of experimentally established enzymatic tran-
sition states. Chemically stable analogues of enzymatic
transition states are powerful inhibitors, and their design
depends critically on transition state poise and the
enzymatic contacts that generate the transition state. It
is possible to design transition state analogues that are
isozyme-specific and therefore tissue- or species-specific.
Several examples of isozyme specificity in inhibitor design
are already well established, including inhibitors with
specificity for mammalian or bacterial dihydrofolate re-
ductases,19 and others are discussed below. Finally, de-
termination of enzymatic transition states is essential for
the field of computational enzymology.

II. Transition State Poise for Enzymatic
Reactions
Enzymatic transition states have now been experimentally
established for most chemically accessible regions of the
More O’Farrell-Jencks reaction diagram (Figure 1). This
distribution of enzymatic transition states illustrates that
transition state analysis for enzymatic reactions is not
restricted by reaction type. The upper left corner of the
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diagram describes enzymatic reactions with dissociative
transition states. At present, many of these examples are
N-ribosyl transferases, in which the transition states are
characterized by ribooxacarbenium ion character of dif-
fering degrees, with varied bond order remaining to the
leaving group and different extents of participation of the
incipient nucleophile. Glucosidases also belong in this
corner; however, more information is needed to permit
accurate determination of bond orders at their transition
states. Near the center of the diagram are symmetric
nucleophilic displacements, catalyzed by catechol-O-
methyltransferase and S-adenosylmethionine synthetase.
These nucleophilic displacements at carbon are charac-
terized by large KIE at the central carbon and small
secondary KIE. In the lower right corner are examples of
enzymatic transition states solved for nucleophilic aro-
matic substitutions. In the enzymatic deamination of
AMP, the catalytic site Zn2+ converts a water to the
hydroxyl nucleophile, and the highest-barrier transition
state is reached at 0.8 bond order to the attacking
nucleophile.20 The subsequent formation of the Meisen-
heimer tetrahedral intermediate and its protonation are
energetically favorable relative to formation of the first
transition state. Decomposition of this complex by loss
of NH3 introduces an irreversible step; thus, only the
chemical steps prior to deamination are observed in the
KIE. Reactions with stable intermediates are characterized
by two transition states, and the kinetic isotope effects
report on the slowest step. In the 4-chlorobenzyl-CoA
dehalogenase, the transition state observed by KIE is
decomposition, rather than formation of the covalent
intermediate.21

III. DN*AN Transition States and Analogues as
Inhibitors
Enzymatic nucleophilic displacements with fully dissoci-
ated and enzyme-stabilized ribooxacarbenium ion inter-
mediates include the transition states of ricin A-chain
acting on small stem-loop RNA and DNA substrates and
uracil DNA glycosylase acting on a minimal substrate
(Figure 1).22,23 Ricin A-chain depurinates a specific adenine
(GAGA) in a four-base RNA hairpin loop from 28s ribo-
somal RNA, causing it to be a powerful cytotoxin. These
reactions have a fully dissociated ribooxacarbenium ion
intermediate, with a nonchemical step separating the two
transition states. The chemically similar hydrolytic exci-
sion of uracil from DNA by uracil DNA glycosylase
removes uracil errors from DNA in the first step of DNA
repair. On the basis of the similarity of KIE values between
uracil DNA glycosylase and those from ricin A-chain, the
transition state of the DNA glycosylase was also deter-
mined to be an enzyme-stabilized deoxyribooxacarbenium
ion.24 The lifetimes of sugar oxacarbenium ions in water
are estimated to be 10-12 s, prohibiting the formation of
fully developed ribooxacarbenium ions for nonenzymatic
reactions in nucleophilic solvents.25 These transition states
require that the catalytic site environments protect the
oxacarbenium ions from solvent. Shielding of the inter-
mediate from solvent has been directly demonstrated in
ricin A-chain by mixtures of methanol in the solvent.
Exposure of a developing ribooxacarbenium ion to this
nucleophile would result in a methoxy adduct. None is
found in the ricin reaction, consistent with a transition
state environment that fully shields the ribooxacarbenium
ion.22 There are no crystal structures of ricin A-chain with

FIGURE 1. Transition state poise for enzymatic reactions. Bond orders for ANDN transition states with large mass differences between
attacking and leaving groups are given as reduced mass.54 Reactions with intermediates (AN*DN) have two transition states, and the bond
orders are for the transition state giving rise to isotope effects (the highest energetic barrier). Primary references are indicated in the text or
in the reference list.55-57
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bound RNA, but for uracil DNA glycosylase in complex
with a substrate analogue, a catalytic site water nucleo-
phile is sequestered from solvent and located 3.6 Å from
the anomeric carbon. Transition state formation is pre-
ceded by the departure of uracil, leaving both the uracil
N1 and the water with no significant bond order to the
ribosyl anomeric carbon when the transition state is
reached. The reaction coordinate is completed by transla-
tion of the anomeric C-1′ carbon and the water toward
each other to form the products.26

The binding of transition state analogues to these
enzymes provides supporting evidence for the dissociative
nature of the transition states. Substrates for ricin A-chain
include RNA stem-loop structures containing the required
GAGA tertaloop, where the first A is hydrolyzed to form
an apurinic site (Figure 2). Chemically stable analogues,
IA-10 and P-14, mimic a DNAN (concerted) transition state
and have been tested as inhibitors. Substrate RNA (A-10)
binds with a dissociation constant of 2 µM, while the
phenyl-iminoribitol (P-14) and the 9-deazaadenine-imi-
noribitol (IA-10) derivatives bind with Kd values of 0.18
and 0.57 µM, respectively.27,28 Although bound more tightly
than substrate, these analogues are poor transition state
analogues because they incorporate covalent bonds, while
the transition states have fully dissociated leaving groups.
Analogues of a fully dissociated cationic transition state
are IR-10 and 1N-14, but these have no purine to fill the
leaving group pocket (Figure 2). The dissociation constants
of 1.3 and 0.48 µM are similar to analogues with covalent
bonds to the leaving groups. An improved approximation
of the transition state includes the fully dissociated
oxacarbenium ion mimic with a fully dissociated leaving
group. The combination of 1N-14 and adenine gave the

best inhibition yet reported for ricin A-chain, a Kd of 12
nM for 1N-14 with saturating adenine. Enhanced binding
of transition state analogue fragments suggests compo-
nents to reconstitute the dissociated transition state.
Wolfenden has dissected transition state analogues of
adenosine deaminase with the conclusion that 7-10 kcal/
mol can be gained from the appropriate connectivity of
fragments of transition state analogues.29 The comple-
mentary binding of ricin A-chain transition state compo-
nents supports a transition state closely resembling the
fully dissociated carbocation intermediate.

A fully dissociated oxacarbenium intermediate for ricin
A-chain requires that the enzyme be able to effect separa-
tion and stabilization of three components, the adenine
leaving group, the ribooxacarbenium ion, and the incipi-
ent water nucleophile. Separation is assisted if the ion pair
normally formed by loss of adenine (as an anion) from a
ribosyl center (to form a cation) can be made neutral at
the transition state. Proton donation from the enzyme to
the adenine leaving group accomplishes leaving group
activation. An indication of strong interactions with the
leaving group comes from the lack of substrate activity
using p-nitrophenyl-â-D-riboside in a stem-loop RNA to
replace the adenylate group of the substrate (Figure 2).
Enzymes that act primarily by ribooxacarbenium ion
formation without strong leaving group activation can use
substrates with a variety of good leaving groups.30 Thus,
substrate specificity and transition state interactions in
ricin A-chain involve specific interactions with the adenine
leaving group.

Uracil DNA glycosylase recognizes sites in double-
stranded DNA that contain uracil mutations and cause
local denaturation to flip the uracil from the base-paired
structure, enclose it into the catalytic site of the enzyme,
and hydrolyze it to initiate subsequent repair steps (Figure
3).31 Inhibitor specificity for uracil DNA-glycosylate is also
consistent with a fully dissociated transition state. Thus,
the minimal DNA substrates modified to incorporate the
1-aza mimic of the 2-deoxyribose oxacarbenium ion gave
a dissociation constant of 2 µM alone, but when the uracil
anion was also added, the dissociation constant decreased
to 0.6 nM, the highest affinity complex reported for this
enzyme.32

FIGURE 2. Reaction catalyzed by ricin A-chain and some analogues
of the transition state. The two transition states are closely related
to the oxacarbenium ion intermediate.

FIGURE 3. Substrate and transition state analogues for uracil DNA
glycosylase.
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IV. Transition State Structure and Analogues
for Isozymes of Nucleoside Hydrolases
Nucleoside hydrolases (NH) are protozoan and bacterial
enzymes involved in base salvage and recycling, the
methioninesalvagepathwayandbacterialquorumsensing.33-35

Transition state structures have been solved for three
nucleoside hydrolase isozymes (Figure 1).36 (KIE values for
IU-NH, GI-NH, and IAG-NH have been analyzed by CTBI
and the transition states analyzed. The values shown in
Figure 1 vary significantly from the original bond-
interpolation method used for IU-NH. Unpublished re-
sults of D. W. Parkin, P. Berti, A. A. Sauve, R. W. Miles,
and V. L. Schramm, 2003. The CTBI method is described
in ref 9.) All accept inosine as substrate, but demonstrate
variable specificity for other nucleosides. The IU- and IAG-
NHs have been characterized for inhibition by transition
state analogues. Catalytic turnover for IU- and IAG-NH
with inosine is 28 and 34 s-1, and both use a tightly bound
Ca2+ ion to activate and direct the water nucleophile.
Transition states for IU-NH and IAG-NH indicate that
more bond order remains to the leaving group purine at
the transition state of IAG- than for IU-NH, establishing
an earlier transition state for IAG-NH (Figure 1). This
difference in transition state poise has been attributed to
differences in leaving group interactions such that the
IAG-NH obtains more of its catalytic activation from
leaving group interactions than does IU-NH, thereby
causing IAG-NH to reach the transition state with more
bond order to the leaving group.37 Bond order to the
attacking nucleophile is low for the transition state of IAG-
NH, but for IU-NH, the attacking nucleophile is more
involved. IU-NH obtains most of its catalytic activation
from conversion of the ribosyl group to the ribooxacar-
benium ion, and this interaction is the dominant character
of the transition state. As the oxacarbenium ion develops,
a symmetric transition state is reached when the bond-
order to the relatively unactivated leaving group drops to
approximately 0.06 and the Ca2+-bound water nucleophile
also has a 0.06 bond order. The transition state of IAG-
NH contrasts considerably since strong leaving group
interaction causes achievement of the transition state
when 0.18 bond order is remaining and only 0.02 bond
order is formed to the attacking nucleophile.

Quantitation of leaving-group versus ribooxacarbenium
activation energetics to reach the transition states of
N-ribohydrolases was established by the use of p-nitro-
phenyl-â-D-ribose (pNPR) as substrate.30 Hydrolysis of
pNPR by IU-NH has an 8-fold increased kcat relative to
inosine. In contrast, hydrolysis of pNPR by IAG-NH is at
0.5% of the rate with inosine as substrate.38 NHs can
provide no activation to the p-nitrophenyl group; thus,
the reaction rate reflects the enzyme’s contribution to
form the ribooxacarbenium ion. Catalytic activation for
hydrolysis of inosine by these enzymes is 17.7 kcal/mol,
and IU- and IAG-NHs apply 4.6 and 8.8 kcal/mol to purine
departure with the remaining 13.1 and 8.9 kcal/mol
applied to ribooxacarbenium ion formation (Figure 4).

Isozyme-specific features of the NH transition states
can be used to design specific transition state analogue
inhibitors. Inhibitors specific for IAG-NH require purine
leaving group features but are less specific for the riboox-
acarbenium mimic. Transition state analogues of IU-NH
require close mimics of the oxacarbenium ion, but non-
specific hydrophobic leaving groups are sufficient for good
inhibitors (Figure 5).37 Inhibitors specific for both IU-NH
and IAG-NH use transition state features of common
substrates, where optimal interactions can be designed
for both leaving groups and oxacarbenium ions. Thus,
Immucillin-A exhibits 7 and 0.9 nM Ki* values for IU- and
IAG-NH, respectively, while 2′-deoxy analogues of the
iminoribitols favor IAG-NH and nonsubstrate purine bases
attached to iminoribitols favor IU-NH. These transition
state analogue design principles are consistent with
transition state poise, substrate specificities, and energet-
ics of transition state formation and provide dependable
blueprints for inhibitor design.

V. PNP Transition States: Arsenolysis and
Hydrolysis
Purine nucleoside phosphorylase (PNP) catalyzes the
phosphorolysis of the N-ribosidic bonds of 6-oxypurine
nucleosides and 6-oxypurine-2′-deoxynucleosides (Figure
6). A rare human genetic deficiency of PNP demonstrates
that PNP is the primary pathway from (deoxy)nucleosides
to purine bases. The deficiency causes the accumulation
of (deoxy)nucleoside substrates, including deoxyguano-
sine, while preventing the formation of uric acid in affec-
ted humans.39 Accumulation of deoxyguanosine to mi-
cromolar levels in blood causes increased dGTP in dividing
T-cells, inhibition of ribonucleotide reductase, and a
specific T-cell deficiency. This metabolic anomaly is being
explored for treatment of T-cell proliferative diseases.40

The transition state for the arsenolysis of inosine by
PNP has been established for the bovine enzyme, since a
high forward commitment factor with phosphate prevents

FIGURE 4. Transition state energetics for the IU- and IAG-NH
isozymes. p-Nitrophenyl-â-D-ribofuranoside was used to quantitate
energetics of ribooxacarbenium ion formation and the remaining
energy of activation comes from leaving group interactions with
inosine.
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expression of kinetic isotope effects.41 Arsenate introduces
a chemically irreversible step and increases the barrier
height for transition state formation but gives a kcat similar
to that of phosphate. PNP is unusual among the N-
ribosyltransferases in reaching the transition state with the
largest remaining bond order to the leaving group, sug-
gesting extraordinary leaving-group interactions with the
6-oxypurine base (Figures 1,6). These interactions are
confirmed by the kinetics for the slow hydrolysis of inosine
catalyzed by bovine PNP.42 In the absence of PO4, inosine
is hydrolyzed at a single catalytic site of the homotrimer,
ribose is released, and the hypoxanthine product remains
bound to the enzyme with a dissociation constant of 1.3
pMssufficient affinity to permit chromatography and
stoichiometric characterization of the complex. Addition
of phosphate or ribose 1-phosphate causes rapid release
of the tightly bound hypoxanthine supporting a substrate-
linked conformation change to effect the tight-binding.
The transition state poise is determined by favorable
interactions with the leaving group, activating the leaving-
group to achieve transition state balance while ap-
proximately 0.36 Pauling bond order still remains in the
N-ribosidic bond. This can be compared with any of
theenzymatic or chemical solvolyses of N-ribosyltrans-
ferases, all of which require smaller bond orders to the

leaving group to achieve transition state balance (Figure
1).

A second feature of the transition state is low bond
order to the oxygen nucleophile, positioned at 3.0 Å from
the anomeric carbon. Low bond order to the anionic
nucleophile with approximately 0.36 bond order to the
leaving group causes the ribosyl group to be electron
deficient, with partial oxacarbenium character. However,
even at 3.0 Å from the anomeric carbon, the anion plays
a significant electrostatic role in transition state stabiliza-
tion. Comparison of the transition states for the single-
turnover hydrolytic reaction and that for arsenolysis
reveals that the hydrolytic transition state is later. Transi-
tion state poise is indicated by the N9-C1′ bond lengths
of 1.77 and 1.90 Å (bond orders of 0.36 and 0.24) for
arsenolysis and hydrolysis respectively, but with no change
in bond order to the nucleophile (Figure 1). Hydrolysis
results from one or more waters filling the phosphate
binding site, and decreases the reaction rate to 10-4 that
of phosphorolysis. The nature of the nucleophile alters
transition state poise for PNP without change in the degree
of nucleophilic participation. Catalytic features causing
altered transition state poise include loss of charge from
the phosphate anion to stabilize an early transition state
or an altered interaction of the enzyme with the purine
leaving group. The release of tightly bound hypoxanthine

FIGURE 5. Isozyme-specific transition state analogues for IU- and IAG-NH. Immucillin-A has features of both isozymic transition state structures
and binds well to both. IU-NH requires ribooxacarbenium character, while IAG-NH requires features of N7 protonated purine substrates.

FIGURE 6. Reaction catalyzed by PNP. Three inhibitors that mimic transition state features are shown. The enzyme uses inosine, guanosine,
and deoxyguanosine as substrates, making all of these transition state mimics.
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by phosphate (see above) confirms the connectivity
between phosphate and purine binding sites.

VI. PNP Transition State Analogues and
Leaving Group Effects
Transition state features for the PNP-catalyzed arsenolysis
of inosine were used to design transition state analogues
incorporating (1) the elevated pKa of the purine group at
the transition state, (2) the oxacarbenium ion character
of the ribosyl, (3) a stable substitute for the N-ribosidic
bond, and (4) accommodation for the phosphate anion
site to fill with inorganic phosphate to mimic the van der
Waals contact of the transition state. Immucillin-H is a
slow-onset, tight binding inhibitor of bovine PNP, with a
Ki value of 41 nM and a Ki* value of 23 pM (Figure 6).43

The X-ray crystal structures of PNP have been solved with
inosine and SO4 at the catalytic site, to mimic the
Michaelis complex, and with Immucillin-H and PO4 bound
to mimic the transition state. The leaving group interac-
tions responsible for the early transition state catalyzed
by PNP are revealed in the structures (Figure 7).44 Four
or five direct hydrogen bonds to the purine base and two
additional hydrogen bonds in a proton-transfer bridge
characterize the PNP interactions in these complexes.
Enzyme-ligand distances are 3.3, 3.4, 3.4, 2.9, 3.3, 4.5, and
4.1 Å in the Michaelis complex with inosine and SO4 and
are 2.8, 3.1, 2.8, 2.9, 3.2, 2.9, and 3.0 Å in the complex
with Immucillin-H and PO4. Shortened distances in six of
these seven interactions provide favorable pathways for
transient proton transfer to O6 and N7 at the transition
state. Protonation of purine leaving groups provides a
well-documented chemical path to N-riboside solvolysis.45

The absence of general acids in direct contact with O6
and N7 requires that proton transfer occurs from solvent
to achieve the transition state. Two water molecules are
in contact with O6, Glu201, and solvent to form a proton-
transfer bridge for both O6 and N7. Tight binding of

Immucillin-H requires a proton donor at N7 for favorable
interaction with the carbonyl oxygen of Asn243. In the
Michaelis complex N7 is a proton acceptor, repelling the
Asn243 carbonyl until N-riboside bond loss elevates the
pKa at N7, whereupon it accepts a proton and is stabilized
by the interaction with the Asn243 carbonyl. Likewise,
3-deaza-4-aza-Immucillin-H cannot form the Asn243 H-
bond and binds 10.1 kcal/mol less well than ImmH (Figure
8).

The crystal structures of PNP establish that reaction
coordinate motion involves migration of the anomeric
carbon of ribose while phosphate and the purine remain
relatively fixed.44 Transition state stabilization at the
oxacarbenium site is by neighboring groups, and no
interactions are contributed directly from protein. This
mechanism of transition state stabilization is in contrast
to the glucosyltransferases, elegantly characterized by the
Withers laboratory, in which a pair of enzymatic carboxyl-
ates stabilizes the glucooxacarbenium ion transition states
and/or activates a water nucleophile.46,47 However, migra-
tion of the anomeric carbon appears to characterize
reaction coordinate motion for both N-ribosyl and glu-
cosyltransferases.

The energetics of transition state analogue binding can
be investigated by atomic substitutions in the Immucil-
lin-H transition state analogues and provide lower-limit
estimates of the energetics for interactions of the transition
state.48 Several examples are pertinent to transition state
poise. The proton transfer bridge in contact with O6 is
proposed to contribute to an early transition state. Altering
O6 to a H-bond donor site, or to an unfavorable H-bond
partner in Immucillin-A and 6-S-Immucillin-H, decreased
binding energy by approximately 7 kcal/mol (Figure 8).
The loss of 7 kcal/mol binding energy is unlikely to arise
from a single H-bond and is interpreted to be the
disruption of the H-bond pattern that provides the favor-
able leaving-group interactions.

FIGURE 7. Catalytic site contacts for bovine PNP with complexes resembling the Michaelis (PNP-inosine-SO4), transition state (PNP-
ImmH-PO4), and product (PNP-Hx-R1P) complexes. Shorter H-bonds in the PNP‚ImmH‚PO4 complex compared to PNP‚inosine‚SO4 are in
red, and bonds that relax in the PNP‚Hx‚R-1-PO4 complex are in blue.
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Protonation of N7 also favors formation of an early
transition state. In the crystal structures of PNP, there are
no significant interactions at N3 of the purine ring.
Inversion of N3 and C4 gives 3-deaza-4-aza-Immucillin-
H, making N7 a H-bond acceptor. The loss of 10.1 kcal/
mol binding energy demonstrates the cooperative nature
of the leaving group H-bond partners.

The contribution of the iminoribitol group at N4′ to
Immucillin-H binding was explored with 9-deazainosine.
This isostere has a similar pKa for N7 and the only altera-
tion is the imino-group that stabilizes the phosphate and
O5′ interactions. Binding of 9-deazainosine is 6.8 kcal/
mol less favorable than Immucillin-H, also consistent with
the loss of more than one hydrogen bond and/or ionic
interaction. The ionization state of the imino group for
Immucillin-H is critical in the evaluation of these interac-
tions. Kinetic analysis and pH dependence of the initial
phase of Immucillin-H binding (Ki) indicates that the
initial binding of inhibitor is as the neutral species, similar
to substrates. But after the slow-onset phase, the 4′-imino
group of Immucillin-H is protonated to mimic the transi-
tion state.49,50 This change accompanies a 2000-fold
increase in affinity to give the Ki* value of 23 pM. The
ability of Immucillins to bind as a neutral species to mimic
the Michaelis complex, followed by enzyme-mediated
protonation to mimic the ribooxacarbenium transition

state has now been confirmed by computational and
spectroscopic analyses for several N-ribosyltransferas-
es.49,50

Chemically stable analogues are imperfect mimics of
enzymatic transition states by virtue of their covalent
nature compared to the partial bonds of the actual
substrate as it reacts. A geometric map of transition state
passage illustrates this for PNP from Mycobacterium
tuberculosis (Figure 9). The effect of geometry can be
explored by altering the distance between the leaving
group and ribooxacarbenium mimics. Thus, 9-(1′-CH2)-
Immucillin-H expands the linear distance of the reaction
coordinate by approximately 1 Å and is a poor inhibitor,
while a similar change, but with the cation at the position
of the anomeric carbon, makes a powerful inhibitor
(Figures 8 and 9). These analogues emphasize the close
match in both geometry and electrostatics required for
transition state binding interactions.

VII. Transition State Poise as a Function of
Attacking Nucleophile
Bacterial exotoxins often act by using NAD+ as a substrate
to ADP-ribosylate specific GTP-binding proteins (G-
proteins) of mammalian cells.51 The toxins hydrolyze
NAD+ to ADP-ribose and nicotinamide when the G-
proteins are absent, thereby providing an opportunity to
investigate the effect of the nucleophile on transition state
structure. Pertussis toxin ADP-ribosylates a specific cys-
teine on an inhibitory G-protein, GiR1. Hydrolysis gives a
transition state with approximately 0.01 Pauling bond
order to the water nucleophile, and this increases to
approximately 0.10 when a cysteine peptide is used as
substrate and to 0.15 when the GiR1 is used as substrate.51-53

A corresponding earlier transition state with respect to

FIGURE 8. Energetics of transition state analogue binding to bovine
PNP. Altering the H-bond contacts (Figure 7) causes large changes
in binding energy.

FIGURE 9. Early and late transition state analogues for PNP from
M. tuberculosis. The methylene-bridged 42 pM inhibitor is a late
transition state analogue for the phosphorolysis of deoxyinosine, a
good substrate for PNP. The Ki* values shown here are for M.
tuberculosis PNP. Geometry at the transition state is taken from
the KIE analysis of the transition state with bovine PNP. Distances
for both inhibitors are taken from the crystal structures of PNP from
M. tuberculosis.58
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leaving group interaction occurs in each case (Figure 1).
The correct fit of the thiolate anion nucleophile from the
substrate permits increased nucleophilic participation and
the anionic interaction permits access to an earlier transi-
tion state.

VIII. Summary and Conclusions
Enzymatic catalytic sites provide “designer solvents” for
their cognate transition states. Transition state structures
established from KIE provide novel information on transi-
tion state poise. From these bond orders and angles,
computational chemistry yields electrostatic maps as
models for the design of transition state analogues. These
principles are now well established and can be applied
to generate transition state analogues for any enzymatic
reaction where chemically stable mimics of the transition
state can be synthesized.

Abbreviations
IU-NH, nonspecific nucleoside hydrolase; IAG-NH, pu-
rine-specific nucleoside hydrolase; GI-NH, guanosine-
inosine preferring nucleoside hydrolase.
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