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ABSTRACT: Ricin toxin A-chain (RTA) is expressed by the castor bean plant and is among the most potent
mammalian toxins. Upon activation in the cytosol, RTA depurinates a single adenine from position 4324
of rat 28S ribosomal RNA, causing inactivation of ribosomes by preventing the binding of elongation
factors. Kinetic isotope effect studies have established that RTA operates via a DN/AN mechanism involving
an oxacarbenium ion intermediate with bound adenine [Chen, X.-Y., Berti, P. J., and Schramm, V. L.
(2000)J. Am. Chem. Soc. 122, 1609-1617]. On the basis of this information, stem-loop RNA molecules
were chemically synthesized, incorporating structural features of the oxacarbenium ion-like transition
state. A 10-base RNA stem-loop incorporating (1S)-1-(9-deazaadenin-9-yl)-1,4-dideoxy-1,4-imino-D-
ribitol at the depurination site binds four times better (0.57µM) than the 10-base RNA stem-loop with
adenosine at the depurination site (2.2µM). A 10-base RNA stem-loop with 1,2-dideoxyribitol [(2R,3S)-
2-(hydroxymethyl)-3-hydroxytetrahydrofuran] at the depurination site binds with aKd of 3.2 µM and
tightens to 0.75µM in the presence of 9-deazaadenine. A similar RNA stem-loop with 1,4-dideoxy-
1,4-imino-D-ribitol at the depurination site binds with aKd of 1.3 µM and improves to 0.65µM with
9-deazaadenine added. When (3S,4R)-4-hydroxy-3-(hydroxymethyl)pyrrolidine was incorporated at the
depurination site of a 14-base RNA stem-loop, theKd was 0.48µM. Addition of 9-deazaadenine tightens
the binding to 0.10µM whereas added adenine increases the affinity to 12 nM. The results of this study
are consistent with the unusual dissociative DN/AN mechanism determined for RTA. Knowledge of this
intermediate has led to the design and synthesis of the highest affinity inhibitor reported for the catalytic
site of RTA.

Ricin is a cytotoxic heterodimeric protein found in the
seeds of the castor bean plantRicinus communis(1). Ricin
toxin A-chain (RTA)1 is a highly specificN-glycosidase
(Figure 1). It catalyzes the hydrolysis of a single adenosine
residue, A4324 of rat 28S ribosomal RNA, at a facile rate of
1777 min-1 (2, 3). The base-exposed secondary structure of
A4324 results from its location at the second position of a
GNRA tetraloop in stem-loop RNA (4). RTA is catalytically
active on only the first adenine of the GAGA sequence and
only in the framework of a stem-loop structure (5, 6). Short
RNA structures possessing a stem of at least three base pairs
and a GAGA stem-loop are also substrates for RTA (5, 7, 8). At physiological pH, short RNA stem-loops havekcat

values of approximately 10-5 that for intact ribosomes (5,
7, 9, 10). At pH values near 4, however, short RNA GAGA
stem-loops are active substrates. Specifically, at pH 4.1 the
10- and 14-mers,A-10 andA-14 (Figure 2a) havekcat values
of 4.1 and 219 min-1, respectively (11). TheKm values for
both substrates are similar, and the rate forA-14 is within
an order of magnitude of that for RTA on intact ribosomes
(3).

Combining the RTA toxin with antibodies specific for
cancer cell epitopes results in an immunotoxin that has
considerable activity as an anticancer drug (12, 13). Unfor-
tunately, vascular leak syndrome is a limiting and severe
side effect in clinical trials (13). Inhibitors for RTA may be
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FIGURE 1: Hydrolytic reaction catalyzed by ricin A-chain. The
oxacarbenium ion intermediate is shown. The lifetime of the
illustrated oxacarbenium ion intermediate is not known but is
estimated to be between approximately 10-12 s and thekcat for RTA
(15). At the TS and enzyme-bound intermediate, protonation of
adenine at N7 will be preferred.
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useful antidotes against this class of potent toxins and may
serve to ameliorate vascular leak syndrome, a side effect
which is believed to be a result of the nonspecific toxicity
against the capillary vasculature (13, 14). Furthermore, potent
inhibitors of RTA may also prove useful for a more detailed
understanding of the catalytic mechanism of RTA, including
the testing of the recent transition state (TS) proposals for
this enzyme (15, 16). In the initial inhibitor design, it was
assumed that RTA stabilizes a TS similar to other purine
nucleosideN-glycosidases, where the TS has been deter-
mined to be oxacarbenium2 ion-like with low residual bond
order to the leaving group (17). For example, incorporating
the known nucleosideN-ribohydrolase inhibitor, phenylimi-
noribitol (18), at the depurination site of the RNA stem-
loop 14-mer (P-14, Figure 2a) resulted in an RTA inhibitor
with a Ki of 0.18 µM (11, 19).

Recently, kinetic isotope effects (KIEs) analyzed by bond
vibrational and quantum chemical approaches were com-
pleted for the RTA-catalyzed hydrolysis ofA-10 (15). These
results established an unprecedented mechanism forN-
glycosidases, one that follows the highly dissociative step-
wise DN/AN mechanism with oxacarbenium ion-like TSs (15,
16). A dissociative mechanism has subsequently been
implicated for the pyrimidine-specific uracil DNA glycosi-
dase (20). In the present study, several short RNA stem-
loop compounds were synthesized to further investigate the
dissociative nature of the RTA reaction (Figure 2b). These
compounds were designed to explore the prediction of the
TS structure. Specifically, the transition state analysis predicts
that abasic (lacking the adenine ring) RNA stem-loops with
oxacarbenium ion mimics should bind more tightly than
RNA stem-loops with covalentC-nucleoside mimics of
oxacarbenium ions. Furthermore, this TS analysis predicts

that adenine or adenine analogues should enhance binding
of the abasic RNA stem-loop oxacarbenium ion mimics
since this combination most closely resembles the tightly
bound intermediates defined by the DN/AN mechanism.

EXPERIMENTAL PROCEDURES

General Experimental.RTA was purchased from Inland
Laboratories (Austin, TX). Calf intestinal alkaline phos-
phatase was purchased from Promega (Madison, WI), and
phosphodiesterase I was from Sigma Chemical Co. (St.
Louis, MO). RNase inhibitors and RNase-free DNase were
received from Ambion (Austin, TX). Nucleoside phosphora-
midites and other reagents for oligoribonucleotide synthesis
were purchased from Glen Research (Sterling, VA) except
for phosphoramidites attached directly to CPG solid supports,
which were obtained from ChemGene Corp. (Ashland, MA).
[2,8-3H]Adenosine triphosphate (42 Ci/mmol) was purchased
from Amersham Pharmacia (Piscataway, NY). 8-Azaadenine
was purchased from Fluka Chemical Corp. (Milwaukee, WI).
The adenine analogue 9-deazaadenine was a product of
Industrial Research Ltd., Lower Hutt, New Zealand. All other
chemicals were purchased from Aldrich Chemical Co.
(Milwaukee, WI) and were of the highest purity available.
These reagents were used without further purification.

Purification of reaction intermediates of the phosphora-
midite synthetic pathway was completed by flash column
chromatography using Merck silica gel 60 (230-400 mesh).
Purification by HPLC was performed on a Waters 626 pump
with a 996 photodiode array detector and using the Millen-
nium32 software package. RNA concentrations were deter-
mined by UV/vis measurements using a HP 8453 diode array
spectrophotometer. Radioactivity measurements were com-
pleted on a Wallac 1414 scintillation counter using liquiscint
scintillation fluid.

Synthesis of the Radiolabeled Substrate([3H]A-10). Stem-
loop RNA 10-mer labeled with [2,8-3H]adenine ([3H]A-10)
was synthesized as described previously (15) using com-
mercially available T7 RNA polymerase (Ambion, Austin,
TX). The primer and template sequences were the same as
those used by Chen et al. (15). Reaction mixtures contained
5.0 mM GTP, 3.0 mM CTP, 0.50 mM ATP, 107 cpm of
[2,8-3H]ATP, 0.5µM DNA template-primer, RNase inhibitor
(40 units), and T7 RNA polymerase (3000 units). After
incubation for 10-12 h at 37°C, RNase-free DNase (10
units) was added, and the reaction mixture was incubated
for an additional 30 min at 37°C. The RNA was precipitated
by the addition of 99% ethanol (3.5 equiv, v/v) and cooling
to -70 °C after Na2EDTA and NaOAc were added to a final
concentration of 50 and 400 mM, respectively. Purification
of [3H]A-10 was completed by denaturing (7 M urea) 24%
PAGE electrophoresis. RNA product bands were located by
UV shadowing and were extracted into 1.0 M NaOAc (5
mL) (21). Incorporation of radioactivity was determined by
liquid scintillation counting.

Synthesis of the Nucleoside Phosphoramidite Analogues.
Synthesis of the 1,4-dideoxy-4-imino-D-ribitol phosphora-
midite (5) was completed as illustrated in Scheme 1. The
amine (1) in methanol was treated with 9-fluorenylmethyl
chloroformate and triethylamine to afford, after column
chromatography (CH2Cl2/MeOH/H2O, 50:1:0.1 v/v/v), the
N-fluorenylmethoxycarbonyl- (Fmoc-) protected compound

2 The International Union of Pure and Applied Chemistry designates
replacement of a carbon by an oxygen atom to be termed “oxa” whereas
the nomenclature for a carbon atom replaced by a carbonyl group is
“oxo”.

FIGURE 2: Short RNA stem-loop substrates (A-10 andA-14) and
inhibitor (P-14) for RTA (a). The five short RNA stem-loop-based
inhibitors of the present study (b).
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(2). The 5-OH was converted to the dimethoxytrityl (DMTr)
ether3 by reacting2 with DMTrCl in anhydrous pyridine
using DMAP as the catalyst, followed by standard workup
and purification by column chromatography (CH2Cl2/MeOH/
H2O, 35:1:0.1 v/v/v). Silylation of3 with tert-butyldimeth-
ylsilyl chloride (TBDMSCl) resulted in a mixture of isomers
that were separated by column chromatography (CH2Cl2/
MeOH/H2O, 20:1:0.1 v/v/v). The 2-O-TBDMS-protected
compound4 was reacted with 2-cyanoethyl diisopropylchlo-
rophosphoramidite in the presence of diisopropylethylamine
to give the phosphoramidite5 that was purified by column
chromatography (ethyl acetate/toluene, 1:15 v/v). Compound
5 was used toward the synthesis ofIR-10.

The phosphoramidite of (1S)-1-(9-deazaadenin-9-yl)-1,4-
dideoxy-1,4-imino-D-ribitol, IA (22), was synthesized from
the precursor6 in five steps (Scheme 2). The iminoribitol
derivative (6) in methanol was treated with 9-fluorenylmethyl
chloroformate and pyridine to give theN-Fmoc-protected
compound7 after column chromatography. A solution of7
in pyridine was cooled in an ice bath followed by the addition
of trimethylsilyl chloride. The resulting solution was stirred
at room temperature for 1 h, and then benzoyl chloride (0.27
mL) was added after cooling to 0°C. The resulting solution

was stirred at room temperature for 3 h before being poured
into water. The mixture was extracted twice with chloroform,
and the combined extracts were dried and concentrated to
dryness. The residue was dissolved in methanol containing
10% acetic acid (v/v), and the solution was allowed to stand
for 3 h and then concentrated to dryness. The residue was
dissolved in methanol and triethylamine (10%, v/v), and after
1 h the solution was concentrated to dryness and purified
by column chromatography to afford compound8. A solution
of 8 in dichloromethane was treated with diisopropylethyl-
mine, DMAP, and DMTrCl. After the standard workup
procedure the residue was purified by column chromatog-
raphy to give9. A solution of9 in DMF containing imidazole
was treated with TBDMSCl to afford compound10 after
column chromatography (ethyl acetate/hexanes, 1:3 v/v).
Compound10 was reacted with 2-cyanoethyl diisopropyl-
chlorophosphoramidite in the presence of 2,4,6-collidine and
N-methylimidazole to give11, which was used without
purification in the synthesis ofIA-10. The 1-aza-1,2-dideoxy-
4a-carba-D-ribitol, 1N (23), phosphoramidite used in the
synthesis of1N-14 was prepared as described previously
(23, 24).

Synthesis and Purification of Oligoribonucleotides. Oli-
gonucleotides were chemically synthesized using phosphora-
midite methodology on an Applied Biosystems 391 DNA
synthesizer at the 1µmol scale with coupling times extended
to 15 min, in the trityl-off mode. Deprotection of the products
was accomplished using concentrated NH4OH/ethanol (3:1
v/v) (25, 26) and triethylamine trihydrofluoride (27) as
described by Chen et al. (11). All products were purified by
HPLC using Nucleogen DEAE 60-7 (125× 4) ion-exchange
chromatography followed by ion-pairing reverse-phase C18
µBondpak column chromatography. The ion-exchange chro-
matography buffer system was 50 mM ammonium acetate
(pH 5.0) in 15% methanol, eluting with a linear gradient of
50 mM ammonium acetate (pH 5.0) containing 1.0 M LiCl.
For reverse-phase chromatography the buffer system was 50
mM triethylammonium acetate (pH 7.8), eluting with a linear
gradient of methanol. Compound identity was verified by
enzymatic digestion to nucleosides using alkaline phos-
phatase and phosphodiesterase I followed by HPLC analysis
(11). Product formation for all RNA stem-loop compounds
was further confirmed by MALDI-TOF mass spectrometry
analysis, performed by Dr. Haiteng Deng at the Laboratory
for Macromolecular Analysis and Proteomics at the Albert
Einstein College of Medicine.

Inhibition Kinetics. Reaction rates were determined in 10
mM sodium citrate buffer (pH 4.0) containing 1 mM EDTA
using[3H]A-10 with carrierA-10 as the substrate. Concen-
trations ofA-10 were maintained near theKm value, using
approximately 1.0× 104 cpm in a total volume of 50µL.
Inhibitor (stem-loop or purine) concentrations were varied
while keeping theA-10 at a constant concentration. After
incubation of the reaction vials at 37°C for the allotted time
(less than 15% conversion) the reactions were quenched by
the addition of 100 mM potassium phosphate buffer (pH 8.3,
25µL). The [2,8-3H]adenine product was isolated by passing
the reaction mixture through a small column of DEAE-
cellulose (Whatman DE52, approximately 0.75 mL in a
Pasteur pipet) and analyzed by scintillation counting. Values
for the inhibition dissociation constant (Ki) were determined
using the equation for competitive inhibition:ν ) kcat

Scheme 1a

a Conditions: (i) FmocCl (2 equiv), Et3N (4 equiv), MeOH, room
temperature, 4 h; (ii) DMTrCl (1.5 equiv), DMAP(cat), (iPr)2NEt (2
equiv), pyridine, room temperature, 6 h; (iii) TBDMSCl (1.5 equiv),
imidazole (5 equiv), DMF, room temperature, 12 h; (iv) 2-cyanoeth-
yldiisopropyl chlorophosphoramidite (2 equiv), (iPr)2NEt (4 equiv),
CH2Cl2, room temperature, 3 h.

Scheme 2a

a Conditions: (i) FmocCl (1.8 equiv), pyridine (2 equiv), MeOH,
room temperature, 4 h; (ii) (a) TMSCl (12 equiv), pyridine, room
temperature, 1 h, then BzCl (1.4 equiv), room temperature, 3 h, and
then quench with H2O, (b) acetic acid in MeOH (10% v/v), room
temperature, 3 h, (c) trimethylamine in methanol (10% v/v), room
temperature, 1 h; (iii) DMTrCl (1.5 equiv), DMAP(cat), (iPr)2NEt
(5 equiv), CH2Cl2, room temperature, 4 h; (iv) TBDMSCl (3.6 equiv),
imidazole (5 equiv), DMF, room temperature, 4 h; (v) 2-cyanoethyl-
diisopropyl chlorophosphoramidite (2.5 equiv), 2,4,6-collidine
(7.5 equiv),N-methylimidazole (0.5 equiv), CH2Cl2, room tempera-
ture, 3 h.
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S/(S + Km(1 + I/Ki)), whereν is the initial reaction rate,S
is the substrate concentration,Km is the Michaelis constant,
I is the inhibitor concentration, andkcat is the catalytic
turnover number. For rates involving a ternary complex the
substrate and stem-loop inhibitor concentrations were kept
constant and the purine concentration was varied. TheKi

values for these compounds were determined using the
thermodynamic cycle shown in Figure 5.

Exchange Reaction. Exchange reactions were carried out
at 37°C in 10 mM sodium citrate buffer (pH 4.0), 1.0 mM
EDTA, 40 nM RTA, 10.2µM unlabeledA-10, and 1.0 or
1.5 mM adenine with approximately 7.0× 105 cpm of [2,8-
3H]adenine per reaction. The reactions were initiated by the
addition of either RTA orA-10, allowing for incubation of
substrate with adenine or RTA and adenine, respectively.
The reactions were allowed to continue to approximately
10% completion and then quenched by the addition of 100
mM potassium phosphate buffer (pH 8.3, 25µL). Adenine
was separated from the substrate by passing the reaction
mixture through a DEAE-cellulose (Whatman DE52) col-
umn. The substrate was then eluted with 50 mM ammonium
acetate (pH 5.5) containing 1 M LiCl and analyzed for
radioactivity by scintillation counting.

RTA Assay Using Fluorescence Spectroscopy. The RTA
assay was monitored using a Spectromax-3 fluorescence
spectrophotometer set at 5 mm slit widths usingE-10 as the
potential substrate. The change in fluorescence was moni-
tored at an emission wavelength of 405 nm and an excitation
wavelength of 275 nm. The reactions were carried out at 37
°C in 10 mM sodium citrate buffer (pH 4.0) containing 1.0
mM EDTA with 400 nM RTA and 8.0µM E-10. The
emission spectra (350-500 nm) were also monitored over a
30 min period using 4.0µM E-10 and 100 nM RTA.

RESULTS AND DISCUSSION

Inhibition of RTA with RNA Stem-Loop Analogues. The
fluorescent adenine derivative, etheno-2′-deoxyadenine, was
incorporated into a 10-mer RNA stem-loop resulting in
compoundE-10 (Figure 2b). This compound was first
evaluated as a substrate for RTA using fluorescence spec-
troscopy. No change in the fluorescence intensity at 405 nM
was detected whenE-10 (8 µM) was incubated with RTA
(400 nM) at 37°C. Under the assay conditions the fluores-
cence intensity of ethenoadenine is 1.5 times that of
ethenoadenosine; thus 5% conversion ofE-10 to products
would be readily detected. The lack of substrate activity for
E-10 is consistent with the RTA reaction mechanism, which
relies on specific leaving group interactions without nucleo-
philic assistance toward the formation of the oxacarbenium
ion intermediate. Although binding constants were not
reported, it is has been demonstrated that an RNA stem-
loop 12-mer with deoxyadenosine at the depurination site is
hydrolyzed approximately 26 times faster than the corre-
sponding RNA stem-loop 12-mer (9). Thus, the 2-deoxy-
ribitol moiety is not responsible for the inability of RTA to
utilize E-10as a substrate. Furthermore, nonspecific inosine-
uridine N-ribohydrolases, which operate through oxacar-
benium ion TSs (17), are known to accept ribosyl compounds
with good leaving groups as substrates whereas the substitu-
ent-specific enzymes do not (28, 29). Consistent with this
evaluation, RTA does not hydrolyze either 4-nitrophenylâ-D-

ribofuranoside (11) or etheno-2′-deoxyadenosine in the
context of stem-loop RNA substrates.

E-10 was evaluated as an inhibitor, and aKi value of 4.2
( 0.6 µM was determined, approximately double theKm

value of 2.2( 0.5 µM obtained forA-10 (Table 1). RTA
exhibits fully expressed KIEs, establishing equilibrium with
the RNA stem-loop prior to a chemical step (15). TheKm

values for A-10 are therefore equivalent to dissociation
constants, as areKi values for competitive inhibitors. Thus
the extra bridge of the etheno substituent has a small steric
effect toward binding, altering affinity by only 2-fold.
Although absence of the 2′-hydroxyl increases the rate of
hydrolysis for a substrate, its effect toward binding is
unknown (9).

IA-10 has the nonhydrolyzable 9-deazaadenine iminosugar
immucillinA (IA )3 incorporated into a 10-mer RNA stem-
loop (Figure 2b). The endocyclic nitrogen atom of this
compound mimics the oxacarbenium ion nature of the ribosyl
ring at the transition state of the RTA-catalyzed hydrolysis
of A-10 (15). In addition, the pKa of N7 in 9-deazaadenosine
is above 12 (30). These features ensure that the 9-deazaade-
nyl ring resembles an acid-activated leaving group while the
iminoribitol ring mimics the oxacarbenium ion. In addition,
IA is a powerful TS analogue inhibitor of purine nucleoside
N-ribosylhydrolases that accept adenosine as a substrate (31).
Since the 9-deazaadenyl substituent more closely resembles
the adenyl substituent at the TS, it is somewhat surprising
thatP-14(11, 19) binds approximately 2.5 times better than
IA-10 and thatIA-10 binds only four times better thanA-10
(Figure 4a, Table 1). These results, however, are consistent
with the KIE study that describes the RTA mechanism as
being highly dissociative (15). In this mechanism consider-
able separation between the ribosyl moiety and the leaving
group adenine has occurred at the first TS. Thus, the
9-deazaadenyl substituent inIA-10 is constrained in its ability
to mimic the dissociation of the adenyl substituent at the
actual TS due to the covalent C-C ribosidic bond. This
constraint causes unfavorable interactions between the 9-de-
azaadenyl substituent and the RTA active site. At the TS,
the enzyme has activated the leaving group and distanced it
from the ribosyl ring prior to nucleophilic attack by water.
By comparison, the simple hydrophobic interaction of the
smaller phenyl group inP-14 binds three times better than
IA-10, even though it cannot access the adenine leaving
group interactions required for TS formation (Table 1).

RTA Inhibition by Abasic RNA Stem-Loop Analogues.
D-10, IR-10, and 1N-14 possess abasic residues at the

3 ImmucillinA, (1S)-1-(9-deazaadenin-9-yl)-1,4-dideoxy-1,4-imino-
D-ribitol.

Table 1: Kinetic Constants for RTA-Catalyzed Reaction with the
SubstratesA-10 andA-14 and Competitive Inhibition Constants for
the InhibitorsP-14, IA-10, andE-10

substrate Km (µM)a inhibitor Ki (µM)b

A-10 2.2( 0.5 P-14 0.18( 0.02c

A-14 8.1( 0.7c IA-10 0.57( 0.06
E-10 4.2( 0.6

a Kinetic constants were obtained from fits of the initial rate data
versus substrate concentrations to the Michaelis-Menten equation.b Ki

values were determined from fits of initial rate data versus inhibitor
concentration to the equationν ) kcatS/(S + Km(1 + I/Ki)). c Value
taken from ref11.
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reaction site that are useful in determining the relative
contribution of the adenyl substituent and the oxacarbenium
ion toward binding (Figure 2b). These compounds also
indicate the atomic geometry for the enzyme-stabilized
positive charge that develops within the ribosyl ring at the
TS. TheKi values forD-10, IR-10, and1N-14are 3.2, 1.3,
and 0.48µM, respectively (Table 2). As expected for an
oxacarbenium ion TS, the neutralD-10 was the weakest of
the three abasic RNA stem-loop inhibitors. However,D-10
andA-10 bind with almost equal affinity, a surprising result
based on the presumed binding energy available from the
adenine ring. Dissociation constants are the sum of binding
and distortional energies; thus it is feasible that substantial
ground state destabilization occurs withA-10 but is missing
with D-10. The neutralD-10 binds approximately 2.5 and
6.5 times less tightly thanIR-10 and 1N-14, respectively.
Although these constants demonstrate increased affinity with
positive charge in the iminoribitol ring, they are relatively
small increases compared to those expected for full TS
interaction. The pKa values of the endocyclic nitrogen at both
the 1- and 4-positions are approximately 6.5, ensuring that
they will be positively charged under the assay conditions
(pH 4). The 2.5 times more favorable binding of the “1-
azasugar”1N-14 relative to the “iminosugar”IR-10 (Table
1, Figure 4e and Figure 4b, respectively) indicates differences
in the electronic nature of the rate-limiting TS for RTA
compared with otherN-glycosidases. A similar trend was
found for inhibitors for 3-methyladenosine DNA glycosidase
II where DNA 25-mers, which incorporatedIR and1N, were
determined to have dissociation constants of 16 pM and
approximately 0.1 nM, respectively (24, 32). With regard to
hexopyranosides, the 1-azasugars are known to be better
inhibitors than the corresponding iminosugars for a number
of â-glycosidase enzymes (33-38). Recently, it has been
determined that differences inâ-glucosidase inhibitor potency
between 1-deoxynojirimycin and isofagomine, the paradig-
matic iminosugar and 1-azasugar, respectively, arise largely
from the large positive entropy for the latter upon binding
(39). Although the ribofuranoside substrates forN-glycosi-
dases are always theâ-anomers, the increased efficacy of
1N-14may be typical for enzymes that operate via a DN/AN

mechanism, such as RTA or DNA glycosidase II.
RTA ActiVation and Inhibition by Adenine Analogues.The

dissociated intermediate near the TS of RTA-catalyzed
hydrolysis predicts that inhibitors should contain oxacar-
benium ion character in the ribosyl ring and include a

dissociated adenine ring. Combinations of abasic stem-loop
RNA analogues with adenine analogues were tested for this
reason. The effects of four different adenine analogues
(Figure 3) were evaluated in the absence and presence of
the abasic RNA stem-loop inhibitors. As a control for these
experiments, the effects of adenine-based analogues and
stem-loop elements were tested alone and together as
inhibitors with respect to substrate. Adenine (Figure 4c),
8-azaadenine (8-AA), and 4-aminopyrazolo[3,4-d]pyrimidine
(4-APP) were all found to increase the rate of RTA-catalyzed
A-10 hydrolysis in the absence of abasic RNA stem-loop
inhibitors followed by inhibition at higher concentrations.
The estimated dissociation constants are listed in Table 2.
The dissociation constant of 1 mM for adenine has also been
determined using fluorescence spectroscopy (40). An un-

Table 2: Inhibition Kinetic Constants for the Three Abasic RNA
Stem-Loop Inhibitors of the RTA-Catalyzed Reaction with the
A-10 Substrate

Ki (µM)a

stem-loop inhibitor

purine
without

stem-loop 1N-14 IR-10 D-10

0.48( 0.08 1.3( 0.2 3.2( 0.9
adenine 1000b 0.012 c c
9-DAd 340( 50 0.10 0.65 0.75
8-AAe 60b f f f
4-APPg 300b c c c

a Ki values were determined from fits of initial rate data versus
inhibitor concentration to the equationν ) kcatS/(S + Km(1 + I/Ki)).
b EstimatedKd values for activation reaction rates.c No effect.d 9-
Deazaadenine.e 8-Azaadenine.f Activation in the reaction rate was
observed but not quantified.g 4-Aminopyrazolo[3,4-d]pyrimidine.

FIGURE 3: Adenine and the adenine analogues 4-aminopyrazolo-
[3,4-d]pyrimidine (4-AA), 8-azaadenine (8-AA), and 9-deazaad-
enine (9-DA) used in this study.

FIGURE 4: Plots for the RTA-catalyzed hydrolysis ofA-10 at pH
4.0 with the addition of the RNA stem-loop inhibitor, purine, or
both. Inhibition by RNA stem-loop compoundIA-10 (a) or abasic
RNA stem-loop compoundIR-10 (b). Activation by adenine (c).
Inhibition by the adenine analogue 9-deazaadenine (d). Inhibition
by the abasic RNA stem-loop compound1N-14 (e). Inhibition
with constant1N-14 (1.6 µM) and added adenine (f).
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competitive inhibition constant value for adenine was found
to be approximately 30µM, but these authors used an indirect
ricin assay with intact ribosomes as the substrate at pH 7.4
(41). Surprisingly, 9-deazaadenine (9-DA) was the only
compound found to give the expected product inhibition
pattern (Ki ) 340 µM) rather than the combination of
activation followed by inhibition (Figure 4d). One possible
explanation for the observed activations is that these purines
are enhancing an adenine exchange reaction in which added
purine is exchanged into the labeledA-10 stem-loop
substrate, thus increasing the extent of labeled adenine
release. This would be consistent with the result that
nonexchangeable 9-deazaadenine did not increase the rate
of [2,8-3H]adenine release. UnlabeledA-10 was incubated
with RTA in the presence of an excess amount of labeled
adenine to determine if the radioisotope would be incorpo-
rated into the substrate during the first 10% ofA-10
hydrolysis. The reaction conditions would have permitted
the detection of a 1% exchange of adenine (0.1µM) into
unreactedA-10. No radioactivity was found in the recovered
A-10 substrate, consistent with similar experiments reported
earlier for RTA (15). Thus adenine analogues increase the
catalytic turnover rate by binding at a remote site or by
increasing the rate of an enzyme isomerization after the
irreversible chemical step.

Enhanced Inhibition by Analogues of the Transition State.
The most striking inhibition data were found for the effects
of added adenine in the presence of the abasic RNA stem-
loop inhibitor 1N-14 (Figure 4e). Although adenine is an
activator of the reaction up to concentrations of approxi-
mately 2 mM, in the presence of 0.96 or 1.6µM 1N-14, a
Ki of 24 µM was found for adenine (Figure 4f). Using the
thermodynamic equilibrium for substrate and inhibitors
(Figure 5) theKi value for the ternary complex was calculated
to be 12 nM. Thus, the combination of stem-loop oxacar-
benium ion mimic together with adenine binds approximately
180 times tighter thanA-10 substrate. It is remarkable that
neitherIR-10 nor D-10 had similar inhibition kinetics with
added adenine whereas all three abasic RNA stem-loop
inhibitors demonstrated similar but smaller binding enhance-
ments with 9-deazaadenine.

Although there is no structural data for a stem-loop
RNA-RTA complex, there are X-ray crystallographic data
for adenine, adenyl(3′-5′)guanosine, formycin monophos-
phate, pterin, and neopterin complexes with RTA (42-44).
The structures with adenine analogues have interactions
between the purine ring and the residues Tyr80, Tyr123, and
Ile172. There are also contacts between the ribose ring and

Glu177 and Glu203 for the formycin monophosphate and
adenyl(3′-5′)guanosine complexes. From these crystallo-
graphic data it is apparent that the adenyl moiety has
increased contacts with the active site residues compared to
depurinated stem-loop RNA. This would explain the
enhanced inhibition of1N-14 in the presence of adenine.
The inhibition data presented here indicate that, aside from
favorable protein-stem-loop interactions, the abasic nitro-
gen atom of1N-14 forms a hydrogen bond with N9 of the
adenine ring that helps to orient and anchor the stem-loop
RNA within the active site.

The specific enhanced binding by1N-14 and adenine
relative toIA-10 or A-10 can be attributed to the reconstitu-
tion of the components most similar to the transition state,
even though these have been separated into distinct pieces.
Wolfenden and colleagues have investigated the effect of
TS inhibitors in pieces and found a loss of 7-10 kcal/mol
binding energy from loss of covalent integrity (45, 46). When
these factors are applied to the present case, the results
suggest that inhibitors would bind in the 1.4-170 pM range
if the appropriate linker can be found to connect adenine
analogues to the oxacarbenium ion analogues in stem-loop
RNA.
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