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ABSTRACT: Ricin A-chain (RTA) catalyzes the hydrolytic depurination of a specific adenosine at position
4324 of 28S rRNA. Kinetic isotope effects on the hydrolysis of a small 10mer -stetraloop
oligonucleotide substrate established the mechanism of the reactigrfAg,Dnvolving an oxacarbenium

ion intermediate in a highly dissociative transition state. An inhibitor with a protonated 1,4-dideoxy-1,4-
imino-D-ribitol moiety, a 4-azasugar mimic, at the depurination site in the tetraloop of a 14mer
oligonucleotide wih a 5 bpduplex stem structure had previously been shown to bind to RTA wikh a

of 480 nM, which improved to 12 nM upon addition of adenine. Second-generation-gtgnaloop
inhibitors have been synthesized that incorporate a methylene bridge between the nitrogen of a 1-azasugar
mimic, namely, ($4R)-3-hydroxy-4-(hydroxymethyl)pyrrolidine, and substituents, including phenyl, 8-aza-
9-deazaadenyl, and 9-deazaadenyl groups, that mimic the activated leaving group at the transition state.
The values for the dissociation constarKg for these were 99 nM for the phenyl 10mer, 163 and 94 nM

for the 8-aza-9-deazaadenyl 10- and 14mers, respectively, and 280 nM for the 9-deazaadenyl 14mer. All
of these compounds are among the tightest binding molecules known for RTA. A related phenyl-substituted
inhibitor with a deoxyguanosine on thé-&de of the depurination site was also synthesized on the basis

of stem-loop substrate specificity studies. This molecule binds wit af 26 nM and is the tightest
binding “one-piece” inhibitor. 8-Aza-9-deaza- and 9-deazaadenyl substituents provide an incteased p
at N7, a protonation site en route to the transition state. The binding of these inhibitors is not improved
relative to the binding of their phenyl counterpart, however, suggesting that RTA might also employ
protonation at N1 and N3 of the adenine moiety to activate the substrate during catalysis. Studies with
methylated adenines support this argument. That the various-$b@m inhibitors have similar potencies
suggests that an optimal one-piece inhibitor remains to be identified. The second-generation inhibitors
described here incorporate ribose mimics missing the 2-hydroxy group. On the basis of inhibition data
and substrate specificity studies, thehgdroxyl group at the depurination site seems to be critical for
recruitment as well as catalysis by RTA.

Ricin is an extremely cytotoxic protein from castor beans involving an oxacarbenium ion intermediate and a highly
that inhibits protein synthesis in cells by depurination of dissociative transition state. This work was based on
ribosomes at a site where elongation factors bind during interpretations of the kinetic isotope effects on the hydrolysis
translation. The B-chain of this heterodimeric protein is a of a small 10mer stemtetraloop oligonucleotide substrate,
lectin that serves to direct the catalytic A-chain to the cell A-10 (Figure 2).

surface. Within the cytosol, ricin toxin A-chain (RTAinds This isotope effect study laid the foundation for the design
to a specific “GAGA” nucleotide sequence on the safcin  of short stem-tetraloop inhibitors incorporating structural
ricin loop (SRL) of the 28S ribosomal RNA and specifically  features of the oxacarbenium ion-like transition state at the
depurinates the first adenosines¢ on the ribosome) in depurination site. One such inhibitor, 1N-14 (Figure 2),
that sequgnceLI (Figure 1). Erevious work in_ this laboratory  which featured a (84R)-3-hydroxy-4-(hydroxymethyl)-
(2) established the mechanism of depurination &AL (3), pyrrolidine at the depurination site in the tetraloop of a 14mer
oligonucleotide wih a 5 bpduplex stem structure, was shown
to bind to RTA with aKq of 0.48 M, which improved to
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430-2777. Fax: (718) 430-8565. E-mail: vern@aecom.yu.edu. 12 nM upon addition of adenine4) This result was
zAlbert Einstein College of Medicine. consistent with the unusual dissociative mechanism.
Industrial Research Ltd. L .
1 Abbreviations: RTA, ricin toxin A-chain; SRL, sarcitricin loop; Most of our recent work Qn inhibitor design has SO_Uth to
A-10, 5-CGC GAGA GCG-3 TS, transition state; DADMe-A, 1-[(9-  address some of the questions posed by the tight binding of
deazaaden-9-yl)methyl]-8#R)-3-hydroxy-4-(hydroxymethyl)pyrroli- @ ternary complex of the stentoop inhibitor, 1N-14 with

dine; DMT, dimethoxytrityl; DMAP, 4-(dimethylamino)pyridine; TLC, ; indi ; -
thin-layer chromatography; EDTA, ethylenediaminetetraacetic acid; RTA and adenine. The binding of the binary complexes, IR

HMBC, heteronuclear multiple-bond correlation spectroscopy; FMP, 10 and 1N-14 (Figure 2)_With RTA are Comparale E
formycin monophosphate. 1.3 and 0.48M, respectively), but the affinity of 1N-14
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Ficure 1: Hydrolytic cleavage of an adenosine moiety catalyzed by RTA that proceeds through an “oxacarbenium” ion transition state.
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finding a tight binding one-piece inhibitor of RTA. Covalent F - . - -

. . - - Ficure 3: First- and second-generation pyrrolidine-containing

linkage was included in the design t_o compensa_te for t_he inhibitors that resemble the oxacarbenium ion transition state of

loss of binding energy from the entropic cost associated with the RTA reaction. All first-generation compounds and second-

the reorganization of pieces. The gain in binding strength generation compound 1N-14 have been discussed irrefsl 12,

(of as much as59 kcal/mol) when fragments are connected respectively. All other second-generation compounds were synthe-

together results from a loss of translational and rotational SiZed and characterized as a part of this work.

entropy in a tight transition stat&)( Tight binding transition state inhibitors may provide a novel
The covalent design strategy incorporates a methyleneway of rescuing patients from the toxicity associated with

bridge between the nitrogen and the adenine ring to providesuch therapies.

sufficient torsional flexibility for an adaptive placement of

the ring in the active site. The pyrrolidine nitrogerK{p~ MATERIALS AND METHODS

8.5) () is protonated under the assay conditions and thus  Materials and General Experiment&®®TA was purchased

mimics the positive charge on Cdf a delocalized oxacar-  from Sigma. Calf intestinal alkaline phosphatase was from

benium ion in the transition state. On the basis of these Promega (Madison, W|), and phosphodiesterase | was from

hypotheses, various inhibitors were conceived with adenine Sigma Chemical Co. (St. Louis, MO). RNase inhibitors and

and Structurally analogOUS rings linked by a methylene brldge RNase-free DNase were from Ambion (Austin, TX) Nu-

to the pyrrolidine nitrogen at the depurination site (Figure cleoside phosphoramidites and other reagents for oligoribo-

3). This paper describes the syntheses and characterizatiofycleotide synthesis were purchased from Glen Research

of these inhibitors. (Sterling, VA), except for phosphoramidites attached directly
RTA has been used in designing immunotoxin constructs to CPG solid supports, which were obtained from ChemGene

by linking it to an antibody that can target cancer cells Corp. (Ashland, MA). [81C;6,94°N]Adenine was purchased

carrying specific antigenic markerd)( Such approaches from Cambridge Isotopes. The adenine analogue 9-deazaad-

show promise but are compromised by specificity issues. enine was synthesized by Industrial Research Ltd. All other
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a (i) DMTrCI (1.5 equiv), DMAP (catalytic), iPrNEt (2 equiv), pyridine, room temperature, 5 h; (ii) 2-cyanoeti-diisopropylchlorophos-
phoramidite (2.5 equiv), 2,4,6-collidine (2.5 equiv), 1-methylimidazole (1 equiv), methylene chlorit®, 8 min; (iii) Expedite DNA/RNA
synthesis system.

chemicals were purchased from Aldrich Chemical Co. chromatography on a Protein-Pak Q-15 HR DEAE column
(Milwaukee, WI) and were of the highest purity available. eluted with 50 mM ammonium acetate (pH 5.0) containing
These reagents were used without further purification. 15% methanol and 1.0 M LiCl. The nucleotide composition
Purification of reaction intermediates of the phosphoramidite was determined by enzymatic digestion of a;A0aliquot
synthetic pathway was completed by flash column chroma- of a 2.5-5 uM solution of the oligonucleotide with 1 unit
tography using Merck silica gel 60 (23@00 mesh). each of calf intestinal alkaline phosphatase and snake venom
Purification by HPLC was performed on a Waters 626 pump phosphodiesterase | overnight at 37, and quantitation of
with a 996 photodiode array detector and using the Millen- the released nucleosides relative to known standards by
nium software package. RNA concentrations were deter- HPLC on a Waters Delta-Pak C18 analytical column (3.9
mined by UV~vis measurements using a Cary 100 diode mm x 300 mm) eluted with 50 mM ammonium acetate (pH

array spectrophotometer from Varian. 5.0) containing 5% methanol. Nucleoside and deoxynucleo-
Synthesis of the Nucleoside Phosphoramidite Analogues.side standards were used to determine the relative amounts
For the synthesis of phosphoramidite 3R(&9-3-hydroxy- of each component in the digest. Product formation for all

4-(hydroxymethyl)pyrrolidine was synthesized franxylose stem-loop compounds was further confirmed by MALDI-
(8) and converted to thél®-benzoyl derivativel by the TOF mass spectrometry analysis on an Applied Biosystems
Mannich reaction with formaldehyde and the requisite 4115 Voyager system. Masses were acquired in the-500
9-deazapurine9). As shown in Scheme 1,was converted 5000 Da range.
to the dimethoxytrityl (DMTr) etheR, purified by column Inhibition Kinetics Reaction rates were determined in 10
chromatography, and reacted with phosphitylation reagentmM potassium citrate buffer (pH 4.0) containing 1 mM
following a standard procedure. Briefly, to a solutiondf ~ EDTA. The total reaction volume was 10Q.. Reactions
(100 mg, 0.15 mmol) in dry methylene chloride (15.0 mL) were started by the addition of RTA at concentrations of
at 0°C under an argon atmosphere were added quickly 2,4,6-26—48 nM. After incubation of the reaction vials at 3T
collidine (53uL, 0.4 mmol), 2-cyanoethyN,N-diisopropyl- for the allotted time, the reactions were quenched by
chlorophosphoramidite (8@L, 0.36 mmol) and 1-meth- inactivating the enzyme with 50 mM potassium phosphate
ylimidazole (10uL, 0.11 mmol). The reaction mixture was buffer (pH 8.3, 10Q:L of a 1 M solution). The samples were
then warmed to room temperature and stirred for 30 min to then injected onto a reversed-phase C18 Waters Delta-Pak
afford phosphoramidite3, the completion of the reaction guard and analytical column (3.9 mm 300 mm) with
being confirmed by TLC. This product was used directly in isocratic elution in 50 mM ammonium acetate (pH 5.0)
the synthesis of DA-14 without purification since it is very containing 5% methanol, at a flow rate of 1 mL/min. The
unstable. The other phosphoramidites were synthesizedenzyme protein is retained on the guard column under these
analogously. conditions. The extent of hydrolysis of RNA by RTA was
Synthesis and Purification of Oligonucleotid€digo(ribo measured by quantitating the released adenine by monitoring
and deoxy)nucleotides were chemically synthesized using athe peak at 260 nm and using a comparison with standards
phosphoramidite methodology on an Expedite 8900 Nucleic treated with the same protocol. Both the substrate and
Acid Synthesis System from Perseptive Biosystems. Syn- inhibitors were heated to 80C for 1 min, cooled on ice,
theses were carried out on athol scale with coupling times  and incubated at 37C for 15 min prior to their addition to
extended to 15 min, in the trityl-off mode. The coupling times the assay mix to reduce the variability in the turnover rate
for guanosine and deoxyguanosine were extended to 40 minthat can result from conformational heterogeneity (hairpins
Deprotection of the products was accomplished using avs other forms) in solution. In initial rate experiments, the
concentrated NkDH/ethanol mixture (3:1, v/v)10) and extent of substrate hydrolysis was less than 15%. Product
triethylamine trihydrofluoride 1) as described by Chest formation was shown to conform to initial rate conditions
al. (12). All products were purified by HPLC using a Waters for the duration of the assay. Values for the inhibition
XTerra Prep MS C18 column (7.8 mmx 50 mm). These  dissociation constantk() were determined by fitting the
columns are specially designed for purification of oligo- initial rates to the equation for competitive inhibition=
nucleotides in the trityl-off mode and employ an ion pairing ke SY/[[S] + Km(1 + 1/Kj)], wherew is the initial reaction
mobile phase of 50 mM triethylammonium carbonate (pH rate, [S] is the substrate concentratitt, is the Michaelis
6.4) with a gradient from 3 to 80% of 50% methanol. The constant (2.9M for the competitive substrate, A-10, under
homogeneity of each product was confirmed by ion exchangethe assay conditions),is the inhibitor concentration, and



4926 Biochemistry, Vol. 43, No. 17, 2004 Rodayet al.

Oligonucleotide: The “First-Generation” CompoundSpef-
icity and isotope effect studies with RTA established that
leaving group activation was the primary mechanism of
depurination. The transition state of the reaction is highly
dissociative (R*A ) and proceeds through an oxacarbenium
ion intermediate which forms without nucleophilic assistance
so that there is virtually no bond order to the nucleophile
and an insignificant residual bond order to the leaving group
4 so that the C't-N9 glycosidic bond length is greater than
HoN 3.0 A. This imparts an increased cationic character tb C1

R—OH . . .
C3"-endo ?f\\o H as a result of delocalization of electrons from the lone pairs

) o . of the ring oxygen toward the reaction center. The@’
Ficure 4: Superimposed'2and 3-endo conformations ofamodel 1, thys has partial double bond character, and the cationic
1-azasugar in vacuo obtained from a Monte Carlo search using the ., L . . .
Amber 99 force field implemented within the Hyperchem program. CI has plan"’_‘r stcharacter. Inhibitors described in previous
The 3- and 3-phosphate chains can adopt similar spatial orienta- Work from this laboratory such as IA-1@)and P-14 12)
tions in both without a significant energetic cost. were stem-tetraloop analogues (Figure 3) that incorporated

iminoribitol derivatives (X) as nonhydrolyzable isosteres for

keat IS the rate of catalytic turnover at substrate saturation. adenosine in the depurination site on the loop (i.e., GXGA
The concentration range of-45 M used for A-10 in this in place of GAGA). These compounds were the first-
assay represents values that are-Aimes above it&n, generation pyrrolidines synthesized for inhibition of RTA.
and was a convenient range for competitive inhibitor analysis |A-10 has a nonhydrolyzable 1-(9-deazaadenin-9-yl)iminor-
(13). The inhibitor concentration was keptab times that ibitol, Immucillin-A (IA), incorporated into a 10mer RNA
of the enzyme except for one case of a strong inhibitor where stem-loop (Figure 3). The pyrrolidine ring nitrogen of this
enzyme and inhibitor concentrations were similar. The free compound mimics the oxacarbenium ion of the ribosyl ring
inhibitor concentration was determined by the relationship at the transition state of the RTA-catalyzed hydrolytic
= |y — (1 — wlvo)Ey, Wherely is total inhibitor concentration,  reaction. The [, of N7 in 9-deazaadenosine is greater than
vi andy, are the inhibited and uninhibited steady state rates, 12 (15), and this design feature ensured that the 9-deazaade-
respectively, and; is the total enzyme concentration. For nyl ring would resemble an activated leaving group at the
rates involving a ternary complex, the substrate and inhibitor transition state. A H-bond from N7 to an amino acid residue
concentrations were kept constant and the purine concentraon the enzyme is consistent with the inverse isotope effect
tion was varied. TheK; values for these compounds were observed at N7 for the hydrolysis of A-10 by RTA)(P-14
determined using the thermodynamic cycle shown in Figure incorporated similar features except that a phenyl ring was
5f. The data for activation and inhibition kinetics seen with substituted for 9-deazaadenine. Since 9-deazaadenine re-
DADMe-A were fitted to a two-site binding model using sembles the adenyl substituent at the TS more closely than
the equationy = Keo{ SJ/([S] + Km) + Kol (1 + K'i/l + 1/Kj), the phenyl, it was surprising that P-14 bound approximately
where [S] is the substrate concentration &\ds the binding 2.5 times better than I1A-10. However, the-62-fold gain
constant of the inhibitor for the activation site. This assumes in affinity of 1A-10 and P-14 over the substrate A-10,
that the inhibitor binds to both the free enzyme and the respectively (Table 1), is smaller than that expected of a
enzyme-substrate complex (ES) and that the ESI complex transition state analogue. Iminoribitols possess a covalent

is productive at a rate represented Ky (14). C—C bond between Cand the 9-deazapurine group which
NMR Spectroscopic Determination of the i Adenine is ~1.5 A long, but this is at least 1.5 A shorter than the
at N9.NMR experiments in PO were performed at 25C distance (3.0 A) that separates the corresponding atoms at

on a Bruker DRX 300 MHz spectrometer equipped with the transition state. Thus, the 9-deazaadenyl substituent in
pulsed-field gradients. 3-(Trimethylsilyl)propionic-2,2,3,3- 1A-10 and the phenyl ring in P-14 are geometrically
d, acid sodium salt was used as the internal standard to whichconstrained in their ability to mimic the reaction coordinate
the 'H chemical shifts were referenced at¥ll resonances  distance at the actual transition state.
were indirectly referenced. To obtain th&qvalue of N9 It was therefore thought that placing the carbocation charge
of adenine, two-dimensiondH—""N HMBC experiments  in the inhibitor closer to its location in the transition state
were carried out for [8°C;6,9+*N]adenine at several pH  and spacing the iminoribitol and the leaving group closer to
values. Sweep widths of 6083.6 H2N) and 4194.63 Hz  the actual transition state distances may enhance affinity. This
(*H) were used with the nitrogen and proton carriers set at |ed to the synthesis of second-generation pyrrolidines as
200 and 4.69 ppm, respectively. Titrations were performed inhibitors of RTA. The endocyclic ring nitrogen in these
by adding small aliquots of 0.1 M NaOH or HCL. Th&p  structures is shifted to where Odould be in a ribose ring
value for N9 of the adenine was determined by following (such structures can also be designated as 1-azasugars).
the pH-dependent chemical shifts of the 8-proton and the Among abasic inhibitors previously characterized in this
9-nitrogen. The titration data were fitted to the equati8a p  |aboratory, 1N-14 which possesses the 1-azasugar structure
= 01 — (01 — 09)/(1 + 10°P), whered, and 6, are the  \as bound 2-fold tighter than IR-10 which possesses an
limiting chemical shifts at low and high pH, respectively. iminoribitol structure 4). The K, values of the ring nitrogens
RESULTS AND DISCUSSION in both .these structures are plose to 612, (16), pgt the
former is better able to mimic the actual transition state
Basis for the Design of Inhibitors that Feature Pyrrolidines characteristics since protonation of the 1-azasugar nitrogen
(4-Azasugars) at the Depurination Site on a Stélratraloop provides a direct mimic of the Ctarbocation that exists at
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Ficure 5: Plots for the determination & values for competitive inhibitors. (a) Inhibition by PZ-14. TKewas determined from fits of

initial rate data vs inhibitor concentration to the equation kea{S)/[[S] + Kn(1 + I/K;)]. The inhibition constants for all other compounds
described in this work were determined from similar fits to the equation. (b) Inhibition by BZ-5dG-10. The data were fitted to the equation
for tight binding inhibitors in which the inhibitor concentration is within 1-fold of the enzyme concentrationk {S])/([S] + Kn{1 + [l;

— (1 — wilvo) EJ/Ki}), wherel is the total inhibitor concentratiom; andy, are inhibited and uninhibited steady state rates, respectively, and
E; is the total enzyme concentration. (c) Inhibition by DADMe-A at a substrate concentration gVBi& the competitive assay. (d)
Activation by DADMe-A at a substrate concentration of AMl. The squares represent data that were fitted to the equation for competitive
inhibition ignoring the activation phase. The circles represent data that were fitted to a two-site binding model using the zguation
keal SI([S] + Km) + Keaf(1 + K'i/l + 1/K))], assuming that the inhibitor binds to both the free enzyme and the enrzsubstrate complex

(ES) and that the ESI complex is productive at a rate representkd,byS] is the substrate concentration, afdis the binding constant

of the inhibitor for the activation site. (e) Inhibition of a ternary complex of RTA, DADMe-A, and 9-deazaadenine. (f) Thermodynamic

cycle for assessing binding of the ternary complex.

substrate transition states that are highly dissociative. It waspieces could regain up tob kcal/mol of binding energy
further shown in the same work that the affinity of IN-14 is that is otherwise lost from the entropic cost of bringing
enhanced almost 1 order of magnitude in a ternary complexcomponents together in a noncovalent fashiéh {The
with RTA and adeninel{g = 12 nM). The binding in pieces  nitrogen atom corresponding to Clwith an attached

of 1N-14 therefore represents a better capture of the transitionmethylene bridge, has &p value near 8.56) and would
state energy of the RTA catalytic reaction. It was therefore thus be fully protonated and retain its cationic nature at
thought that introduction of a methylene bridge between the physiological pH and under the assay conditions at pH 4.0.
1l-azasugar nitrogen and the deazapurine would provide anThe protonated tertiary nitrogen of the pyrrolidine would not
additiona 1 A between these groups while retaining the only mimic the ionization state at Cbut also be geo-
favorable K, at N7 needed for the-23 kcal/mol gain in metrically similar.

strength from an H-bond at the transition state. On the basis Inhibition of RTA with All-RNA StemTetraloop Hairpins

of Wolfenden'’s hypothesis, such a covalent assemblage ofIncorporating Methylene-Bridged 1-Azasugars at the Depu-
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Table 1: Kinetic Constants for the RTA-Catalyzed Reaction of
Substrates A-10 and 5dG8dA-12 and Competitive Inhibition

Constants for the Inhibitots

inhibitory potency

Rodayet al.

interactions can have remarkable consequences such as
prevention of enzyme promiscuity in recognizing substrates
(18—-20). The inverse isotope effects observed at N7 of
adenine during the RTA-catalyzed hydrolysis of A-10

inhibitor Ki (uM)® relative to TG suggested that this was a site of protonation en route to the
1N-14-RTA—Ade 0.012 1 transition state, but isotope effects at N1 and N3 have not
A-10 (substrate) 2.Km) 241 yet been determined. Molecules PZ-10, PZ-14, and DA-14
P-14 0.1&+0.02 15 contain heterocyclic isosteres for adenine and were designed
:g'&g 0'?7; 0.06 1‘(1)33 to be similar to I1A-10 4) in an attempt to gain affinity over
1N-14 0.48 40 the phenyl compound.
BZ-10 0.099+ 0.013 8 PZ-10 and PZ-14 had; values of 163 and 94 nM,
PZ-10 0.163+ 0.008 13 respectively, while DA-14 had K; value of 280 nM. DA-
Bi‘_ii g'ggai 8'881 2; 14 with a 9-deazaadenyl substituent most closely resembles
BZ-5dG-10 0.026+ 0.003 2 adenine. The somewhat weak binding of this molecule was
PZ-4 2243 1833 therefore surprising. The “PZ” compounds possess an 8-aza-
PZ-6 43+ 6 3583 9-deazaadenine moiety akin to that found in the C-glycoside,
BQBMG'A 88+12 7300 Formycin A, a transition state inhibitor of AMP nucleosidase.

e-A—RTA—9dA 21 1800 ; ) ;
5dG8dA-12 0.76+ 011 ~66 The Formycin A structure had previously been incorporated
(substrate) 0.86-0.15 into a stem-loop analogue, F-10, which hadka of 9 uM
1-methyladenine 600 (K3 50000 (12). The PZ compounds bing-90-fold better than F-10,
3-methyladenine 900 (K 75000 and this likely stems from the improved ability of the
9-methyladenine f —

putatively cationic pyrrolidine ring of the former to mimic
the transition state. The X-ray structure of formycin mono-
phosphate (FMP) in complex with RTA shows that the base
adopts asynconformation and is packed snugly in a binding
pocket surrounded by several side chain contatfsZ1).
FMP was bound poorly thoughK( ~ 1 mM), and the
possibility that the 8-aza-9-deazaadenine group in F-10 may
similarly adopt asyn conformation was suggested in an
earlier paper to explain its poor activity4). However, new
rination Site: The “Second-Generation” Compound3n data on restrictociinhibitor complexes indicate that ribo-
the basis of these findings, the second-generation methylenesome-inactivating proteins such as ricin may use a base
bridged 1-azasugars (BZ-10, PZ-10, PZ-14, and DA-14) were flipping mechanism to dock its target (GAGA) in the active
synthesized and tested as inhibitors of RTA in this work site before depurination2@, 23). For the stemloop
(Figure 3). BZ-10 was found to inhibit RTA with k& of 99 substrates to dock in a similar manner, base flipping of
nM, which is ~2-fold better than P-14 which hadkg of adenosine would have to occur, resulting in disruption of
180 nM as described in Table 1. The gain in affinity is base stacking with the adjaceritside guanosine. It is likely
consistent with the ability of the pyrrolidine ring in BZ-10 that the tetraloop unfolds on binding to RTA, and the energy
to better mimic the carbenium ion and of the phenyl group required for this transformation could be as little as2l
to interact with the leaving group pocket on the enzyme. kcal/mol 24). In the NMR solution structure of the sarein
The interactions between RTA and several nucleotides andricin loop (SRL) RNA @5, 26), the glycosidic bond of the
nucleotide analogues have been analyzed by X-ray crystal-susceptible adenosineasiti and a base flipping on binding
lography (7). Tyr80 and Tyr123 are proposed to contribute to RTA would dispose it in asyn orientation prior to
to leaving group activation hy-stacking with adenine, while  catalysis. We would have predicted a favorable interaction
Glul77 is proposed to stabilize the proposed developing for the 8-aza-9-deazaadenine moiety of F-10 on the basis of
oxacarbenium ion charge on the ribosyl ring by an electro- the possibility that the methylene bridge of PZ compounds
static interaction. Although there are no structural data, the would provide flexibility for the base to adopt a favorable
enhanced binding of BZ-10 relative to P-14 may result from orientation (eithersyn or anti). Although this may also
more favorabler-stacking of the phenyl ring between Tyr80 explain the better binding of PZ-10 and PZ-14 over F-10,
and Tyr123 since the methylene bridge in the former is able the lack of structural data makes it difficult to provide a clear
to provide torsional flexibility to the phenyl group, enabling explanation for the observations.
the correct binding orientation. However, the mechanism of  None of the three molecules with a methylene bridge to a
stabilization of the protonated pyrrolidine nitrogen under heterocyclic base, however, provided any advantage in
these conditions (pH 4.0) is unclear since Glul177 would be affinity over their phenyl counterpart, BZ-10. This suggests
expected to be protonated. that the 8-aza-9-deazaadenine and 9-deazaadenine moieties
The adenine heterocycle possesses three sites (N1, N3do not provide any energetic advantage over the phenyl group
and N7) at which potential electrostatic or H-bond interac- despite the elevatedKp (for both, greater than 9) at N7
tions with the enzyme can assist the electron withdrawal required for the purported H-bond at the transition state. This
needed to facilitate N-ribosidic bond loss. Electrostatic inhibition study suggests it is likely that RTA-catalyzed
interactions are significant in the enzymes that employ hydrolysis of adenosine proceeds via protonation of adenine
leaving group activation, including excision repair DNA at multiple sites with contributions from N1 and N3 which
glycosylases. Subtle differences in the nature of thesemay be more important than that from N7. X-ray crystal-

aThe first six rows give inhibitors that were characterized in previous
work from this group and data taken from refsand 12. ° K; values
were determined from fits of initial rate data vs inhibitor concentration
to the equations = keo{ S)/[[S] + Km(1 + I/Ki)]. ¢ The data were fitted
to the equatiorv = keaf SY/([S] + Kn{1 + [l — (1 — wilvg) EJ/K}).
dTC is the RTA-1N-14—adenine ternary complex. Al values have
been compared to that of the ternary compRxdG8dA-12 was
characterized against two competitive substrates, A-10 and 6dA-10.
fNot determined.
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lographic studies suggest that Arg180 is responsible for full which has &K, of ~9 uM. The comparison of 1-azasugar
or partial protonation of N3 of adenind¥). Mutation of stem-tetraloop inhibitors with their all-RNA sterrtetraloop
this residue reduces the, by 500-fold @7); while the effect substrate counterparts disregards the differences in catalytic
is substantial, it is clearly not essential. It is proposed then relevance that may arise from al/droxyl deletion. When
that under physiological conditions the role of Arg180 in rates k.. for GAAGA vs GAGA) are corrected for the
protonation of the adenine moeity is diminished because it intrinsic reactivity of deoxyadenosine compared to its 2
forms an ion pair with Glul77. hydroxy counterpartksouion Under acid solvolysis, RTA

It is possible that RTA uses different mechanisms of binds the GAGA substrate25-fold (KsowtiorfKea) better than
substrate activation under physiological conditions than underthe GdJAGA substrate. This reflects weaker transition state
thein vitro assay conditions that require a pH of 4.0. While interactions for the GJAGA substrate even though its
Asp96 has been proposed to donate a proton to N7 underydrolytic rate appears to be faster. The ground state/
physiological conditions, at pH 4.0 it would be protonated transition state binding energy paradox reveals that the deoxy
and preclude the formation of an H-bond at the transition structure is intrinsically more reactive (catalysis), yet it is
state. At pH 4.0 protonation might be more likely on N1 the RNA structure that is preferred by the enzyme (binding
and N3 of the adenine, since Glul77 would also be and catalysis). RTA takes advantage of the interactions with
protonated at this pH, thus disrupting that ion pair with the 2-hydroxyl for both recognition and catalytic rate
Arg180 and leaving it free to protonate N3. This interpreta- enhancement by stabilizing the oxacarbenium ion via some
tion contrasts with the previous kinetic isotope effects interaction like H-bonding with a neighboring invariant
(measured at pH 4.0) that were interpreted as N7 protonation.carboxylate such as Glul77. Strengthening of interactions
Heavy atom isotope effects at N1 and N3 might provide in the transition state might be the more likely mechanism
further insight. Multiple protonation is also the mechanism  of reducing barrier heights for the reaction than ground state
for the acid-catalyzed solvolysis of adenine nucleosides anddestabilization. The lack of crystal structures with bound
nucleotides 28, 29). oligonucleotides precludes a clear explanation.

A common observation for all of the 1-azasugar com- 5 yhe pasis of these observations, we can say that the
pounds is that none_of these gain as much in affinity over current inhibitors might lack sufficient electrostatic comple-
g]ciusr:?;t(r:it: rﬁ@; r;im_iti,Toh‘nErlfgﬁrgl]r;sﬁ;neé?ae?gﬁdA;m mentarity to mimic an activated leaving group, and therefore,
analysis of the partitioning of ground state and transition state an apprqach 's needed that (a) takes into account multiple

protonation of the adenine and (b) does not ablate the

binding energies toward TS stabilization is of intereit, ( : . o
32). One significant structural difference between all-RNA mvolvement_of a 2hy<_jroxy group in the adenosine isostere
at the depurination site.

stem-loop substrates and the methylene-bridged second- T _ _
generation inhibitors of Figure 3 is that the former are riboses  Inhibition with RNA-Stem and Hybriet Tetraloop-Type
with a 2-hydroxyl group on the sugar while the inhibitors Hairpins. Substitution of a deoxyguanosine in thesge
are deoxygenated at the equivalent positiom. vacuo precedlng thg depurination site of the_A12 RNA substrate
calculations suggest that the 1-azasugar moieties of thesdi-€., dGAGA instead of GAGA) results in a 3-fold reducton
inhibitors can adopt either of the energetically similar 3 Of keaw While theKr, decreased-7—8-fold. The reduction in
exo and 3endo conformations (Figure 4) without much Keatpresumably stems from the loss of a hydrogen bond (loss
distortion of the nucleotide backbone. If this holds true in of ~3 kcal/mol) between the 'OH of the preceding
the context of an oligonucleotide, these could readily be guanosine and N7 of the-8ite guanosine that follows the
accommodated in the predicted transition state-like geometry.adenosine. Hairpins are dynamic structures, and the substrates
Previous KIE studies showed that riboses in the stéop of RTA belong to the GNRA (where N is any nucleotide
RNA substrates form oxacarbenium ions that have a pre-and R is any purine) family of tetraloops which are among
dominantly 3-endo conformation to allow a stabilizing the most thermodynamically stable loop structur@s).(It
hyperconjugative overlap between the p orbital of @id is likely that the transition state conformation of the GNRA
the C2—H2' bond. In the same work, RTA was shown to tetraloop involves H-bond formation between the first and
catalyze depurination of all-DNA stentetraloop substrates, third residues on the loof86, 37). Despite thekca resullt,
albeit at a much slower rate. The less constrained 2 we synthesized the inhibitor, BZ5dG-10 (Figure 3), to be
deoxyribooxacarbenium ion structure allows a better stabi- able to correlate structure with binding and activity (cataly-
lization via hyperconjugation with either the CZpro-R)— sis). This molecule was found to inhibit RTA withkg of
H2' or the C2—(pro-9—H2' bonds, thus decreasing the 26 nM (Table 1 and Figure 5b). Such tight inhibition by a
energetic barrier to its formation3g). It was therefore  “one-piece” stemrloop structure is unprecedented for ricin.
thought that the 1-azasugar mimics might also adopt the It should be noted, however, that this inhibitor cannot be
oxacarbenium ion-like conformation more easily. The lack directly compared to the single deoxyguanosine substrate
of a commensurate gain in binding affinity is therefore since the inhibitor has dG followed by thé-@oxypyrro-
surprising but consistent with the slolg, for all-DNA lidine. The deleterious effect of a-Bydroxy deletion at the
substrates. depurination site ok, has already been discussed. In the
Orita et al. (34) showed that an RNA sterloop 12-mer case of BZ5dG-10, a similar deleterious effect on transition
with deoxyadenosine at the depurination site (GdAGA) is state complementarity caused by the&l@oxypyrrolidine may
hydrolyzed~26 times faster than the corresponding RNA be augmented by the deoxyguanosine substitution in‘the 5
stem-loop 12mer. We observed rates that were 16 times adjacent site. It is likely that thk; value might improve if
faster and also determined tg of this substrate to be 30 the 2-hydroxy substitution is reintroduced at the depurination
uM, which is 3 times weaker than that of the substrate, A12, site.




4930 Biochemistry, Vol. 43, No. 17, 2004 Rodayet al.

BZ5dG-10 represents a dGNRA system, and this loop to improve binding. However, we determine&eof 20 uM
structure may not populate the conformation favored for for the ternary complex (Figure 5e,f) which suggests that
binding by RTA as much as an equivalent GNRA loop 9-deazaadenine binds to a second site. 9-Deazaadenine alone
would. The fact that the inhibitor still binds as tightly as it binds to RTA with aKq of 360 uM, but this constant is
does suggests that other loop conformations can bind to thereduced to 58M in the ternary complex. It is known that
protein but may not necessarily be productively oriented. adenine up to 2 mM activates RTA but at greater concentra-
NMR studies currently being carried out to determine the tions causes inhibition, suggesting the involvement of two
structure of hybrid tetraloops and substrate specificity kinetics binding sites 40). We suggest that the site responsible for
will further assist the design of new inhibitors. activation might be distinct from the leaving group pocket

Unlike other nucleoside hydrolases, the design of inhibitors and might also be a site that recognizes the second adenosine
for RTA is a macroscopic problem since its natural substrate (GAGA) on the tetraloop substrates. Cooperativity from this
is a large domain on the ribosomal subunit. Binding and site might provide a catalytically active conformation and
catalysis are likely to involve cooperativity and remote explain the tighter binding of ternary complexes. The
assistance. The situation is further complicated by the factinhibition constant for 9-deazaadenine binding in the ternary
that ricin is believed to fold upon its export from the complex with DADMe-A and RTA (5&M) may reflect a
endoplasmic reticulum into the cytosol of target cells to binding to the activation site.
prevent its ubiquitination. Folding may be concurrent with DADMe-A alone also activated RTA at concentrations up
and assisted by RNA binding®). to 250uM (Figure 5d) but caused inhibition at increasing

Characterization of Short All-DNA StenTetraloop Ana- concentrations in a competitive assay with A-10 as the
logues. The ribonucleoside structural components of the substrate. Three different concentrations of A-10 were used
tetraloop, including adenosine, AMP, dinucleotide AG, and in the assay (3.5, 7, and 14M). At low substrate concentra-
tetranucleotide GAGA, have been examined as substratedions, the azasugar activates more than at high A-10
of RTA and found not to be hydrolyzed even by stoichio- concentrations, consistent with a competitive inhibition
metric quantities of the enzym&Z2). The first base pair (€ involving binding at two sites.

G) in the stem contributes to the thermodynamic stability of ~ Characterization of a Slow Substrate of the RTA Reaction.
the loop B5, 39) of RNA hairpins and certain DNA types. An RNA stem-loop 12mer, A12_5dG_8dA, with deoxy-
In the case of RNA, the absence of the stem makes the loopnucleosides at the first and last sites on the tetraloop
unstructured which might explain the lack of activity of RTA (dGAGdA) has ak.y of ~0.7 mimt. We determined;

on such molecules. Deoxyribonucleoside loops, however, dovalues of 0.77 and 0.8%M against two competitive
not require a stem for the depurination reaction. Thus, substrates, A-10k{x ~ 4 min1) and 6dA-12 ks = 1600
d(GAGA) and d(CGAGAG) were both shown to be sub- =+ 300 mint), respectively. This molecule is the highest-
strates that were turned over at rates-6f1 and~0.3 mirr* affinity stem—loop substrate for RTA, and these data are
and hadK, values of~80 and~60 uM, respectively. The useful for inhibitor design. A ternary complex of this slow
lack of a 2-hydroxyl group in DNA substrates lends them substrate with RTA and 9-deazaadenine impradXeoly ~4-
more flexibility and, despite the lack of a:G base pair in  fold to ~0.2 uM. This suggests that 9-deazaadenine in this
the 4mer, possibly results in productive loop conformations complex probably does not bind to the leaving group site
being attained. The G base pair in the stem in case of the since that pocket would be filled by the 9-deazaadenine
6mer does not provide a large advantage for binding or moiety of the inhibitor. The observation that binding of the
catalysis. The 1-azasugar structure was incorporated into thestem-loop structures improves by addition of small ligands
depurination site of a small DNA oligonucleotide in an is encouraging. Such compounds might provide an increased
attempt to improve affinity. Inhibitors PZ-4 [d(GPZGA)] and  affinity in ternary complexes of methylene-bridged inhibitors
PZ-6 [d(CGPZGAG)] containing 8-aza-9-deazaadenine moi- with RTA.

eties were synthesized, and thjivalues were found to be Binding of Methylated Adenines to RTPhe binding of

28 and 32uM, respectively (Table 1). adenine alone in the hypothetical active site of ricin is known

Inhibition by 1-Azasugars Alone and in Combination with from X-ray crystallographic studies. Adenine binds in a
DeazaadeninesThe binding of the compound DADMe-A  specificity pocket between the side chains of Tyr80 and
to RTA was also explored. This molecule ha&aof ~85 Tyr123 and forms hydrogen bonds between N1 and Val81,
uM (Figure 5c¢), a promising result relative to the values of and between the exocyclic 6-amino group and Gly121. As a
the other small purine-like molecules that were bound less result, the side chain of Tyr80 is rotated by5° to allow
tightly. Adenosine binds more weakly than 5 mM, and stacking. Arg180 appears to act as an acid to protonate the
formycin monophosphate (FMP) haskaof ~1 mM. The base on N3. As the transition state is approached, geometry
azasugar thus reflects some of the features of the transitionoptimization within the active site leads to favorahtstack-
state but lacks the loop structure, the phosphate backboneing interactions and tighter H-bonds with the appropriate

and the stem.
We also explored the binding of the azasugar, DADMe-
A, in the presence of 9-deazaadenine. Taneikal. dem-

residues on the enzyme.
Recently, the mechanisms by which DNA repair glyco-
sylases distinguish neutral adenine and cationic alkylpurine

onstrated that 1N-14 and 9-deazaadenine formed a ternanbases have been elucidated, the solution structure of 3-meth-
complex with RTA, and this resulted in an increase in the yladenine DNA glycosylase | in complex with its 3-methyl-

inhibition constant (from 480 to 100 nM). It was assumed

adenine (3-MeA) cognate base has been determined, and the

that 9-deazaadenine occupied the leaving group pocket onrole of hydrogen bonding and-cation interactions with the

the enzyme4). Since DADMe-A already has a 9-deazaade-

alkylated base has been delineatdd—<43). Such mecha-

nyl substituent, extraneous 9-deazaadenine was not expectedisms may be similarly relevant to RTA hydrolysis since
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45 ¢ T
: —-O-3-methyladenine
al -{1- 9-methyladenine
f ~@-1-methyladenine N2
35 1 </N | SN 3-methyladenine
T N ] N f) ICs)=3 mM
£ 3 | |
E ]
% 25 1 NH
14 , g 1 /N N 9-methyladenine
<N | N) ICs5y = 0.6 mM
15[ I 0 ]
1 :. I 1 1 1 1 1 1 NH,

o 1 2 3 4 5 6 7 /N BN/ 1-methyladenine
<N | " ) K; = Not determined

Methylpurine concentration [mM] N

Ficure 6: Binding of methylated adenines to RTA. TKgfor 3-methyladenine was obtained by fitting to the equation for competitive
inhibition. The 1G, for 9-methyladenine was determined from the inhibition data.

the major catalytic force that drives this reaction is thought bind up to 3 mM; the dissociation constant for 3-methylad-
to be leaving group activation. Unlike the 3-methyladenine enine was 0.93 mM, and although 9-methyladenine was
DNA glycosylase, however, the adenine of steloop RNA bound more tightly than its regioisomeric counterparts, its
must be neutral when bound in the ground state, and as thedata could not be fitted to the equation for competitive
glycosyl bond is broken at the transition state, the developing inhibition. The IG, for 3-methyladenine was calculated
anion would induce an elevation oKpat either N7, N3, or assuming competitive behavidKi[1 + [S]/Kn)] to be ~3
N1 of the adenine. The pH profile of the RTA-catalyzed mM, while that for 1-methyladenine was0.6 mM based
hydrolysis of A-10 is bell-shaped with maximal activity at on the inhibition data. All three compounds are cationic at
pH ~4 (12). The k.o/Kn decreases at increasing pH and is the pH of the assay. The weak binding suggests that these
consistent with protonation of two groups witkpvalues compounds experience either electrostatic repulsion in the
of ~4. Comparison of théc,/Kn, value for the hydrolysis  active site or that their methyl groups are not sterically
of ribosomes with that of A-10 at pH 7.4 suggests a loss of accommodated. The methyl group on N1 of 1-methyladenine
10’-fold in rate enhancement. Protonation mechanisms probably precludes H-bond formation with an adverse effect
operating at physiological pH must thus be different from on binding. The methyl group in 3-methyladenine is in the
those at pH~4 in in vitro assays. proximity of the positively charged Arg180 in the active site.
N3 protonation as a likely mechanism has not been The relatively better binding of 9-methyladenine is expected
investigated in detail. Thelf, of this group is<2, and it is since the 9-methyl group can be sterically accommodated
likely that as the electrons flow into the adenine ring on within the active site and is smaller than the sugar ring in
glycosidic bond scission, theKp is elevated to near-67. adenosine. We determined th&pof N9 to be 9.5 using
None of the DNA glycosylases reported so far have [8-13C;9-'°N]adenine by two-dimensiondH—*N HMBC
implicated N3 protonation in catalysis, and RTA might be NMR methods. At the transition state of the reaction,
unigue in this regard. The role of N3 protonation of adenine however, it is likely that the I8, of N9 is reduced as the
via such a i, change is reminiscent of the proposed role of electrons that flow in begin to delocalize into N7, N1, and
N3 as a general base during peptide bond formation by N3. We had taken this into consideration in our inhibitor
domain V of 23S rRNA 44—47). design by employing a carbon atom instead of a nitrogen in
On the basis of these hypotheses, the binding of 1-meth-the 9-deaza compounds. None of the methylated compounds
yladenine and 3-methyladenine to RTA was explored. exhibited the activation/inhibition-type kinetic pattern ob-
Methylation of N1 increases itskg from 3.8 to 6.1 and  served for adenine, suggesting that these may not bind to
similarly that of N3 from<2 to 6.3 @8). If N1 protonation the second activation site. The data suggest that N1 may be
and N3 protonation are the routes followed by the enzyme, the dominant site for protonation and that RTA may
then 1- and 3-methyladenines would provide a better matchrecognize neutral adenine in the ground state. Structural
to the leaving group g, at the transition state and might be studies are currently being carried out in an attempt to
better than adenine in ternary complexes with stémop understand these binding observations.
inhibitors and RTA. The role of N7 had already been
explored using 9-deazaadeni®. (Methylation of N9 does SUMMARY AND CONCLUSIONS
not alter its K, significantly, but we also decided to test Transition state structures established from KIE studies
9-methyladenine. The binding of all three compounds was provide crucial information about molecular events on the
tested using the same competitive assay that was used t@nzyme that are responsible for reducing reaction barrier
characterize the stentetraloop inhibitors. heights and producing rates that are many orders of
The N-methyladenines bind poorly to the enzyme (Table magnitude larger than that of the noncatalyzed reaction in
1 and Figure 6) at pH 4.0. Thus, 1-methyladenine did not solution. This information has been applied to synthesize
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second-generation pyrrolidines as analogues of the transition 12
state for RTA. Tight binding of these molecules to RTA as
reported in this work has not been previously demonstrated. ;3
The precise enzymatic contacts responsible for catalysis are

yet to be revealed, but our inhibition studies and the binding 14

of the N-methyladenines to RTA suggest that activation of
the leaving adenine moiety may occur by mechanisms that
are a departure from the major involvement of N7 protona-
tion usually seen for hydrolysis and phosphorolysis of
nucleosides by most purine glycosylases. The results suggest
that the design of RTA inhibitors should seek structures
where the K, values of atoms in positions analogous to N1

and N3 are elevated. NMR and kinetic isotope studies with 17-

heavy atoms at these positions may be useful in establishing
ionization states. We have also shown that'dnyiroxy
deletion at the depurination site even in an inhibitor context
is deleterious to transition state binding. We have also
departed from the all-RNA stem and tetraloop inhibitors and
in this study have shown that &@eoxy substitution at the
5'-adjacent side of the depurination site can improve binding
severalfold.
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