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Ricin is a cytotoxic heterodimeric protein isolated from castor
beans.1 It is one of the most toxic substances, with a single
ricin molecule being lethal for eukaryotic cells.2 Ricin’s toxic
nature is derived from its catalytic subunit, ricin toxin A-chain
(RTA), which inactivates ribosomes and thereby destroys protein
synthesis. Inactivation results from hydrolysis of a single
N-ribosidic bond at adenosine 4324 in 28S rRNA.3 It is
postulated that adenine depurination occurs through an oxocar-
benium ion transition state (Figure 1), similar to that for AMP
nucleosidase.4 The depurination site is located in a highly
conserved stem-loop region, which has been established as a
GA4324GA tetraloop.5 NMR structural studies indicate that
stem-loop oligonucleotides with the GAGA tetraloop motif fold
compactly in solution with an unusual base interaction between
the first G and second A in the tetraloop. This G‚A mismatch
creates a sharp turn between the first G and first A in the
phosphodiester backbone, exposing both the ribosyl moiety and
the unpaired adenine base for catalytic attack by RTA.6 The
GAGA tetraloop is essential for ricin enzymatic activity, while
the sequence of the stem is only important to maintain stem-
loop structure identity. However, RNA structures without stems
have been shown to be poor substrates for RTA.7 The minimal
substrate for ricin is reported to be an RNA 10-mer with the
GAGA tetraloop.
It is of interest to obtain specific inhibitors of RTA due to

its use in immunochemotherapy. Hydrolysis of theN-ribosidic
bond of adenosine by nucleoside hydrolase fromCrithidia
fasciculatais chemically similar to that catalyzed by the RTA
reaction.8 Nucleoside hydrolase stabilizes an oxocarbenium-
ion transition state, characterized by protonation of the leaving
group and distortion of the ribose toward the oxocarbenium.9

Phenyliminoribitol was synthesized as a transition state inhibitor
of this enzyme and inhibits with aKd of 30 nM.10,11 We
proposed that ricin A-chain may also be subject to inhibition

by phenyliminoribitol when placed in the suitable RNA context.
In this communication, we report an approach to site-specific
incorporation of phenyliminoribitol into stem-loop RNA at the
RTA depurination site by chemical solid-phase RNA synthesis
and describe its inhibitory properties.
Phenyliminoribitol (1, Scheme 1)11was protected by treatment

with excess trifluoroacetic anhydride in dry pyridine, and
subsequentO-hydrolysis in methanol containing two drops of
concentrated ammonium hydroxide.12 N-trifluoroacetylated2
was protected with the dimethoxytrityl (DMT) group using
DMTCl.13 Silylation of3with tert-butyldimethylsilyl chloride
(TBDMSCl) gave a mixture of 2′- and 3′-silyl ethers in a ratio
of 1:2, and attempts to improve the selectivity were unsuccess-
ful.14 The desired 2′-silyl ether4was isolated by normal-phase
HPLC (1% ethyl acetate in methylene chloride) or flash
chromatography (methylene chloride:hexane) 8:1,Rf ) 0.49
in CH2Cl2), and its structure was assigned by COSY NMR.15

Phosphitylation of4 yielded crude phosphoramidite5.16 With-
out further purification,5 was subsequently incorporated into
the oligonucleotide, CGCGC GXGA GCGCG (X-14, Figure
1), by standard solid-phase RNA synthesis.17 Equivalent DMT
release was observed during reactions of G, C, and5. The
oligonucleotide was deprotected,17 purified by DEAE ion-
exchange HPLC, eluting with 0-1.2 M ammonium acetate in
20% acetonitrile, and desalted on a G-10 Sephadex column in
H2O.18 The presence of phenyliminoribitol was verified by
digestingX-14 with snake venom phosphodiesterase and calf
intestinal alkaline phosphatase followed by reversed-phase
HPLC analysis. In addition, pXpGp was synthesized according
to the same procedure.20

A synthetic oligonucleotide 10-mer (A-10, Figure 1) was
synthesized as a RTA substrate. Samples were injected onto a
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Figure 1. Proposed oxocarbenium-ion transition state of the ricin
A-chainN-ribohydrolase reaction and a proposed inhibitor for incor-
poration into the site for depurination by ricin A-chain.
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reversed-phase C18 analytic column with isocratic elution in
50 mM ammonium acetate (pH 5.0) containing 10% methanol,
at a flow rate of 1 mL/min. The adenine peak was compared
to adenine standards treated in the same way.Km andkcat of
stem-loop RNA A-10 were determined to be 6.2( 0.7 µM
and 1.7( 0.1 min-1, respectively (Figure 2, upper), similar to
those recently reported for a 19-base stem-loop RNA.19

Addition of the stem-loop X-14 at 4 µM caused 75%
inhibition of RTA using 10 µM A-10 as substrate. The
inhibition data (Figure 2, lower) gave a good fit to the expression
V ) (kcatA)/(Km(1 + I/Ki) + A), which assumes thatA-10 and
X-14 compete for the catalytic site. The inhibition constant
(Ki) is 0.73( 0.02 µM. Neither phenyliminoribitol (X) nor
pXpGp exhibited significant inhibition at concentrations of 200
and 100µM, respectively. Thus, the inhibitor is most efficient
in the stem-loop structure.
The mechanism of action of RTA hydrolysis has been

proposed by X-ray crystal structural analysis.21ab In the crystal
structure, the adenine ringπ-stacks between tyrosines 80 and
123, while the proposed oxocarbenium ion could be stabilized
by ion pairing to Glu 177. When phenyliminoribitol is
positioned at the targeted adenosine site, it would fit into the
proposed structure by hydrogen bonding between nitrogen on
the azasugar ring with Glu 177 andπ-stacking of phenyl ring
between Tyr 80 and 123 at the RTA active site, similar to the
interactions proposed for1with nucleoside hydrolase.22 There-
fore, good binding is achieved betweenX-14 and RTA.
Although the binding ofX-14 to RTA is 10-fold better than

for the substrate, it is weaker than expected for an efficient
transition state inhibitor.23 Leaving-group interactions are
known to be important in considering transition state interactions
of relatedN-ribohydrolases24 and will need to be considered in
improved inhibitor design for RTA.

In summary, we have incorporated a purineN-glycohydrolase
inhibitor into stem-loop RNA and developed a convenient assay
for screening inhibitors with RTA. Stem loop RNA with an
oxocarbenium-ion mimic at the RTA depurination site exhibits
promising submicromolar inhibition activity for the hydrolytic
action of RTA. Further study of the RTA depurination
mechanism is being conducted to develop the next generation
of inhibitors for ricin and its potential chemotherapeutic
applications.
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Scheme 1a

aConditions: (a) (i) (CF3CO)2O, py; (ii) NH4OH, MeOH, 84%; (b)
DMTCl, Et3N, DMAP, py, 81%; (c) TBDMSCl, AgClO4, py, THF,
31%; (d) 2-cyanoethylN,N-diisopropylchlorophosphoramidite, 2,4,6-
collidine,N-methylimidazole, CH2Cl2.

Figure 2. Substrate saturation of RTA byA-10 (upper panel).
Reactions were in 50µL of buffer (10 mM KCl, 1 mM EDTA, and 10
mM Tris-HCl (pH 7.5)) containing 0.2µM RTA and the indicated
concentrations ofA-10. After incubation at 37°C for 10 min, the
released adenine was analyzed by HPLC. The rate of adenine release
was linear with time to approximately 30 min. The line was drawn
from a fit of the experimental data to the equation for a rectangular
hyperbola to obtain values ofKm andkcat. The lower panel shows the
inhibiton of RTA byX-14 using 10µM stem-loopA-10 as substrate.
Reactions were in 50µL of the same buffer containing 1.2µM RTA,
10µM A-10, and the indicated concentrations ofX-14. After incubation
at 37°C for 30 min, the released adenine was analyzed by HPLC. The
line is the best fit of the data to the equation for competitive inhibition
(see text).
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