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ABSTRACT: Ricin A-chain (RTA) catalyzes the depurination of a single adenine at position 4324 of 28S
rRNA in a N-ribohydrolase reaction. The mechanism and specificity for RTA are examined using RNA
stem—loop structures of 1818 nucleotides which contain the required substrate motif, a GAGA tetraloop.
At the optimal pH near 4.0, the preferred substrate is a 14-base-#bem RNA which is hydrolyzed at

219 mimr? with a keafKny of 4.5 x 1P M~ s71 under conditions of steady-state catalysis. Smaller or
larger stem-loop RNAs have lowek:, values, but all hav&, values of~5 uM. Both the 10- and
18-base substrates hakg/Km near 186 M~1 s71. Covalent cross-linking of the stem has a small effect
on the kinetic parameters. Stertoop DNA (10 bases) of the same sequence is also a substrate with a
kealKm Of 0.1 that for RNA. Chemical mechanisms for enzymatic RNA depurination reactions include
leaving group activation, stabilization of a ribooxocarbenium transition state, a covalent endlyosy!
intermediate, and ionization of thé-Bydroxyl. A stem-loop RNA with p-nitrophenylO-riboside at the
depurination site is not a substrate, but binds tightly to the enzy¢ne= (0.34 uM), consistent with a
catalytic mechanism of leaving group activation. The substrate activity of-dtmop DNA eliminates
ionization of the 2hydroxyl as a mechanism. Incorporation of the C-riboside formycin A at the
depurination site provides an increasd€ pf the adenine analogue at N7. Binding of this analod(e (

= 9.4uM) is weaker than substrate which indicates that the altelkg@pthis position is not an important
feature of transition state recognition. Stelnop RNA with phenyliminoribitol at the depurination site
increases the affinity substantialll;(= 0.18uM). The results are consistent with catalysis occurring by
leaving group protonation at ring position(s) other than N7 leading to a ribooxocarbenium ion transition
state. Small stemloop RNAs have been identified with substrate activity within an order of magnitude
of that reported for intact ribosomes.

Ricin A-chain (RTA) is an adenine-specifid-glycohy- multiple catalytic turnovers which are within one-eighth the
drolase, catalyzing depurination of stetoop RNA which rate reported for native ribosomed).( Oligonucleotide
contains an invariable GAGA tetraloop motif)( It has substrates and substrate analogues were characterized under
attracted increasing interest in recent years due to its potentiabptimal reaction conditions to establish RTA substrate and
applications in chemotherapy)( The native substrate of inhibitor specificity, and to provide an indication of the
RTA is eukaryotic 28S ribosomal RNA, which is depurinated reaction mechanism (Figure 1).

at the remarkable rate of 1777 minin intact ribosomes3, Oligonucleotide RTA substrates containing a base-paired
4). RTA also catalyzes the hydrolysis of synthetic 0ligo- gemand the GAGA tetraloop motif have been structurally
nucleotides as short as 10 bases provided that a base'pa're%aracterized by solution NMR studie @). The results
stem and a GAGA tetraloop are preseht@). With small with both 5-GGG UGC UCA GUA CGA GAG GAA CCG
stem-loop RNA substrates, the reported catalytic rate is CAC CC-3 and 5-CUC AGA GAU GAG-3 demonstrate
decreased_by as mu<_:h as 6 orders of magnitude “”d?r_ &ilted Watson-Crick base-pairing in the stem with an unusual
same conditions, and is hlghly depr—l.\nden.t on assay Condltlons‘oase-pairing between the first G and second A in the tetraloop
(7)('j ":] m.oslt f?‘p‘;r.ts (.)f I‘ItCII’] At_r?ht?:n activity at neutralbpl)H fthat enhances the stability of the hairpin architecture. The
and physiological Ionic strengtn, the enzyme IS Incapable o depurination-site adenine is external to the loop in a solvent-

m“'t!P'e catalyt_lc turnovers with sma_\ll steninop_ RNAS. accessible location, exposed to RTA attack, while the other
Multiple catalytic turnovers are required to define steady- nucleotide bases are buried within the phosphodiester
state constants for substrates and inhibition constants forbackbone by hvdrooen-bondina and base-stacking. RTA
RNA analogues. In this report, a systematic investigation . . Y hyh 9 - % dth r? :
of the effects of reaction conditions on RTA hydrolytic Interactions with the stemoop substrate and the mechanism
activity, using RNA analogues and stettmop RNA 10— of hydrolysis are unresolved. X-ray crystallography and site-
18-mer,s as RTA substrates. has identified conditions for directed mutagenesis studies have identified several key
' residues in the active site of RTA which might be involved
; in catalysis 10). Arg180 and Glul77 are proposed to
17_983%8?%563 ft;)ér’r\]”mfasgaf:‘m%ram CAT72444 and Contract DAMD v qrogen-bond or protonate the leaving group (Arg180) and
* Corresponding author. Telephone: (718) 430-2813. Fax: (718) (O Stabilize the ribooxocarbenium ion (Glul77). These
430-8565. E-mail: vern@aecom.yu.edu. studies led to a model of the mechanism of hydrolysis which
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Ficure 1: Structures of nucleosides, nucleotides, analogues, and-stemmRNA and DNA used to characterize RTA. Chemical synthesis
results in both the'sand 3-termini of oligonucleotides being present as the hydroxyls. The ricin-susceptible adenine is shown in boldface
type. Substituents incorporated into the RNA structures are indicated. ThelstgmDNA is indicated a8A-10. The structure “Oxocarbenium
Transition State” is proposed from the known transition states of the closely rélatibdhydrolases, nucleoside hydrolase, and AMP
nucleosidasel).

suggested that RTA promotes hydrolysis through the well- of 43 nM (16). Purine nucleoside phosphorylase is inhibited
known oxocarbenium ion transition state identified for other by 9-deazapurine analogues of 1,4-dideoxy-1,4-amino imino-
N-ribohydrolases (Figure 1)1L{). ribitols (17). These inhibitors are isozyme-specific since the
The oxocarbenium transition state of nucleoside and enzymes reach the transition states by different mechanisms
nucleotideN-ribohydrolase reactions has been extensively (14). SomeN-riboside hydrolases activate the ribosyl group
characterized by kinetic isotope effect studies, and tight- to the ribooxocarbenium ion while others activate the purine
binding inhibitors have been designed by incorporating the leaving groups18). If RTA catalyzes depurination through
major features of transition state structure into stable an oxocarbenium transition state, its catalytic activity should
analogues 12, 13). Substituted phenyliminoribitols and be subject to inhibition by oxocarbenium mimics when
amidrazoneiminoribitols have been designed as transition-placed in the suitable RNA structural context. In the present
state analogue inhibitors of nucleoside hydrolases Wjth  studies, synthetic oligonucleotides featuring substituents at
values to 2 nM 14, 15). Formycin A monophosphate, a the RTA depurination site were synthesized, and their
transition-state inhibitor of AMP nucleosidase, exhibit§ia  interactions with RTA were investigated (Figure 1). These
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results reveal insights on the mechanism of RTA catalysis, causing termination of the reaction. The adenine peak was

provide conditions which permit investigations under steady- monitored at 260 nm and compared to adenine standards

state conditions of catalysis, and identify stelnop RNA treated with the same protocol. In initial rate experiments,

molecules which are of interest for further development of the extent of RNA hydrolysis was less than 15% of the total.

inhibitors with increased efficiency. Product formation was shown to conform to initial rate
conditions during this part of the reaction.

EXPERIMENTAL SECTION pH Effect StudiesRTA catalytic activity was determined

Materials. Nucleoside and deoxynucleoside phosphor- &S @ function of pH using RNA A-10 as the substrate.
amidites and reagents for standard oligonucleotide synthesidR€action mixtures containing 0.68.54M RTA and 2.0-
were supplied by Applied Biosystems. G-Dimethoxytri- 100 uM RNA A-10 were buffered with 10 mM each of
tylhexy! disulfide, 1-[(2-cyanoethyl),N-diisopropyl)]phos- pyrophosp_hate, mtrqte, phosphate, a}nd 1 mM EDTA, adjusted
phoramidite, was obtained from Glen Research. Other [0 the desired pH with KOH. After incubation at 3T for
reagents were purchased from either Aldrich or Fischer. 1030 min, samples were injected directly onto the HPLC,
Phenyliminoribitol phosphoramidite, formycin A phosphor- and the reIea;ed aden.me was determined by the area under
amidite, ancp-nitrophenylO-riboside phosphoramiditevere ~ the peaks, using adenine standards as the control.
prepared as describefl9 20). Native and deglycosylated Steady-State KineticsReaction mixtures containing 6:5
ricin A-chain was obtained from Sigma or Inland Labora- 50uM substrate and 1.0 nM to 0.26\1 RTA in a solution
tories (Austin, TX) or was purified from castor beans. Ricin buffered with 10 mM potassium citrate and 1 mM EDTA
A-chain produced from transformd# coli was generously  (pH 4.0) were incubated at 3C for 10 min. The amount
provided by Dr. Jon D. Robertus, University of Texas at of adenine formed was analyzed by HPLC. Separate studies
Austin. of the extent of RNA hydrolysis as a function of time

Synthesis of Oligoribonucleotide©ligonucleotides were estapl@shed that these conditions conformed to initial rate
synthesized on the Amol scale with an ABI 391 DNA/  conditions.
RNA synthesizer using standard phosphoramidite chemistry. RNA Thermal DenaturationA solution containing 2«M
The product was cleaved from solid support by treatment A-10 in 10 mM potassium citrate and 1 mM EDTA (pH
with concentrated ammonium hydroxide/ethanol (3:1) at 4.0) was heated while recording UV spectra. Curves of
room temperature for-23 h and then at 55C for 3—4 h to absorbance versus temperature were recorded at 260 nm with
remove exocyclic amine protecting groups. The resulting a heating rate of 1.0C/min on a UVIKON spectrophotom-
ammonia/ethanol solution was dried thoroughly overnight eter. Thermodynamic parameters were obtained by fitting
under vacuum (Speedvac) to afford a residue to which wascurves to a two-state model with the KaleidaGraph program.
added neat triethylamine trihydrofluoride. The mixture was  |nhibitory Studies.Reaction rates were determined using
gently vortexed at room temperature for 1 day, quenched RNA A-10 as the substrate in reaction mixtures containing
with water, and mixed witm-butanol. The crude 0|igO' 10 mM potassium citrate and 1 mM EDTA (pH 40) The
nucleotide was precipitated at20 °C and collected by  concentration of inhibitor was varied while that of A-10 was
centrifugation at #C. Further purification of oligonucleo-  fixed at a concentration near tli, value. Initial reaction
tides was carried out by anion-exchange HPLC on a rates were analyzed by the rate of adenine formation as
Nucleogen DEAE 60-7 column eluting with a linear gradient determined by HPLC. The apparent inhibitor dissociation
of ammonium acetate in 20% acetonitrile at a flow rate of 2 constantsk;, were calculated from the equation for Competi-
mL/min, and followed by desalting on a G-10 Sephadex tjve inhibition, assuming direct competition between substrate
column eluted with deionized water. and inhibitors: v = keaA[Km(1 + 1/Ki) + A], where v

Incorporation of unnatural phosphoramidites followed the initial reaction rate,A = substrate concentratior,
same protocol as described above except that (1) RNA Michaelis constant, = inhibitor concentration, anc. =
containingp-nitrophenylO-riboside was cleaved from the catalytic turnover number.

solid support and deblocked by treatment with ammonia-  pepurinated OligonucleotideStem-loop RNA A-10 (10
saturated methanol to minimize decomposition of fRé ;M) in 20 uL of solution containing 10 mM potassium citrate
nitrophenylO-riboside residue, (2) RNA containing a cross- and 1 mM EDTA at pH 4.0 was treated withiM RTA at
linked disulfide bridge was prepared as previously reported 37 °c for 2 h to effect complete depurination at the
(21), and (3) phosphorylation of oligonucleotides was sysceptible adenine site. To this was added 0.3 N NaOH,
conducted using Phosphalink amidit2). followed by incubation at the same temperature for 16 h.
Kinetic Studies of Ricin A-ChainThe extent of RNA  The resulting hydrolysate was neutralized with 0.3 N HCI.
hydrolysis by RTA was measured by HPLC determination The solution was diluted with an equal volume of buffer
of the amount of adenine released. After incubation at 37 containing 0.1 M TrisHCI, pH 9.3, 2 mM MgC}, 0.2 mM
°C for an appropriate time, the reaction was stopped by the ZnCl,, and 2 mM spermidine, and treated with 1 unit of calf
direct injection of the mixture onto a reversed-phase C18 intestinal alkaline phosphatase (Promega) at@7or an
analytic column g-Bondapak, Waters) with isocratic elution  additional 2 h. The sample was injected onto a reversed-
in 50 mM ammonium acetate (pH 5.0) containing 10% phase C18 analytic column with isocratic elution of 50 mM
methanol, at a flow rate of 1 mL/min. The enzyme protein NH,OAc (pH 5.0) containing 10% MeOH, at a flow rate of
is retained on the guard column under these conditions,1 mL/min. The HPLC eluent was monitored at 260 nm.
Standards of cytidine, guanosine, adenosine, and adenine
L Unpublished results, P. C. Tyler and R. H. Furneaux, Industrial Were used to determine the amounts of each component in
Research Limited, Lower Hutt, New Zealand. the reaction mixture.
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Ficure 2: Kinetic constants for RTA as a function of pH using
stem-loop RNA (A-10) as substrate (solid data points). The curves
were fit to the equationska)app = Keal[1l + H1/Kax + KadHT,
(Kimapp= Kin[1 + (KSH")2], OF (KeaKin)app = (Keaapd (Kim)app (23).

The lines were drawn as the best fits to these equations. Khe p
values obtained from the fits are given in Table 2. Kinetic constants
obtained for A-14 stemloop RNA at selected pH values are
indicated by open symbols. For both A-10 and A-K4,= squares;

keat = circles; keaf Ky = triangles.

Table 1: Michaelis-Menten Kinetic Constants of Substrates for
RTA?2

substrates Keat (Min~2) Km (uM) kealKm (M1 s71)
5'-AMPP <10+ - -

AGP <10+ - -
GAGA®P <10 - -

A-10 41+0.3 41+ 1.0 1.7x 10¢
A-12 101+ 7 27+04 6.2x 1P
A-14 219+ 14 8.1+ 0.7 45x 1P
A-16 54+9 6.0+ 1.3 15x 10°
A-18 16+1 6.1+ 0.6 4.4x 104
AU-18 0.76+ 0.05 25+ 0.5 0.6x 10*
A-S-10 2.6+0.1 1.3+ 0.3 3.4x 10
dA-10° 0.38+ 0.02 2.6+ 0.4 0.3x 10

aKinetic constants were obtained from fits of the initial rate data vs
substrate concentrations to the Michaeldenten equation? RTA
substrate activity on AMP, AG, and GAGA was tested at mono-, di-,
and tetranucleotide concentrations of 1, 0.4, and 0.2 mM, respectively.
Under these conditions, the lower limit of adenine detection cor-
responded to a rate of 1Omin~1. ¢ Assay was performed in a solution
buffered with 100 mM potassium acetate and 1 mM EDTA (pH 4.0).

RESULTS AND DISCUSSION

pH Dependence of Kinetic Constants for RTAhe
hydrolytic activity of RTA was measured as a function of
pH using A-10 as substrate. The kinetic parametis,
kear @andkea/Knm, were found to be pH-dependent (Figure 2).
The experimental data fde, were consistent with acid
base catalysis in which protonation of a site wiky@.7 is
required to form the active enzyme and protonation of a
second group with g, 3.2 gives rise to inactive enzyme
(Table 2). The bell-shaped curve fig with unit limiting

Chen et al.
Table 2: K, Values for RTA with A-10 Substrate
kinetic parameters K1 pKaz pKa
Keat 32+14 47+ 14
Km 454+0.1
kealKm 41+£17 48+ 17 4.0+ 0.6

2 The data of Figure 2 were fit to the equations defined in the legend
to Figure 2 using the Curve Fit routine of KaleidaGraph. Graphical
determination of K, values which are within 2 pH units is inaccurate,
giving the relatively large errors observed fdKpvalues associated
with kearandkealKm. The Ka value shown foKy, andkea/Km is assumed
to be two ionization sites with the sam&gpvalue.

interactions based on mononucleotides bound in the catalytic
site (11, 24). Protonation of ionizable groups in RTA or in
the RNA substrate with 0, values near 4.5 could be
responsible for these pH results. The N1 of adenine groups
in RNA has a Ky near 4 @5), and protonation of two
adenines in the steroop structure could assist binding to
RTA. Simple pH studies cannot resolve the issue of substrate
or enzyme ionization, so the site of these groups must await
other experimental approaches. The highest catalytic ef-
ficiency for RTA (KeafKm) on A-10 RNA occurred within a
narrow pH range with an optimal value near 4.0. A similar
acidic pH value was also found to be the optimal pH for
another ribosomal inactivating protein, saporin-12B)(

The optimal stemrloop structure A-14 was examined over
the pH range of 35 to determine if the pH optimum of 4
is an anomaly of small (A-10) sterloops. The similar
profile (Figure 2) establishes the low pH optimum for both
A-10 and A-14. The pH optimum of 4.0 for the steiloop
RNAs differs from the RTA activity on ribosomes which is
optimal at neutral pH 27). The low pH is apparently
required to place the stentoop RNA or RTA in the
catalytically active ionization state or conformation. The
catalytic competence of the RFAibosome complex at
neutral pH indicates that structural components of the intact
ribosome are necessary for efficient catalysis at physiological
pH. At pH 4.0, A-10 remains in the base-paired structure
as demonstrated from the thermal denaturation curyex(
~60 °C). It is possible that a @ interaction in the loop
adopts an alternative conformation as a function of pH, such
as GyrA*ani rather than the interaction of the#gAani form
observed at neutral p28, 29). The resulting RNA tertiary
structure could more closely resemble the conformation of
the stem-loop in 28S rRNA which is influenced by the
extensive secondary structure of rRNA and the ribosomal
proteins. The overall pH dependence is likely to be
combination of ionization of substrate and enzymatic groups,
and a conformational change of RNA tertiary structure. In
subsequent studies, the RTA hydrolysis was conducted at

slopes indicates a single ionizable group responsible for boththe optimal pH of 4.0 for stemloops under these assay

limbs of the pH profile. Thé&, optimal value is 4M, and
the Ky, value is not influenced by increasing the™H

conditions.
RTA Substrate SpecificityStem-loop RNA 10-mer (A-

concentration to pH 3.0. Increasing the pH causes a sharp10) is characterized by K, of 4.1 uM and ake of 4.1

increase ik, which indicates the titration of two groups
with pK, values near 4.5. In reactions where catalysis is
slow relative to substrate binding and release, thgsealues
can be interpreted in terms of substrate affinity. This
condition applies to RTA and its interaction with A-10.
Crystallographic analyses of the RTA active site have
implicated Glul77 and Asp96 as candidates for catalytic

min~t, to give a catalytic efficiency of 1.% 10* M1 s?
(Table 1). RTAs from three different sources, including the

2 Substrate trapping and kinetic isotope experiments using labeled
stem-loop RNA A-10 have demonstrated that tie for A-10 is within
experimental error of the dissociation constant (X.-Y. Chen and V. L.
Schramm, unpublished results).
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200 . e \ ‘ by earlier studies using trace amounts of radiolabeled-stem
] loop RNAs at neutral pH.

A-10 has been proposed to be the minimum substrate for
RTA since it is the shortest oligonucleotide modified by RTA
at physiological temperature. It has been proposed that
] shorter RNAs do not adapt a stable GAGA tetralo6)p [n
1 aqueous solution, the linear monomer and dimer may coexist
] in a small fraction equilibrating with the active hairpin
] conformer. The catalytic efficiency of RTA might be
. improved on A-10 substrate if a more stable stdoop
0 RRTTTI structure is available. The stability of the RNA stetnop
P ey structure can be enhanced by (1) increasing the length of
Ll ! L ‘ stem, since the thermal stability of hairpin is directly

0 > 10 15 20 25 30 35 40 proportional to the number of base pair3l)y, and (2)
[A-14] (uM) tethering 3- and B-termini of the oligonucleotide by disulfide
Ficure 3: Substrate saturation curves and kinetic constants for ST0SS-IiNKing 82, 33). AU-18 and A-18 were compared,
hydrolysis of A-14 by RTA. The line in the main panel is the best 2Nd A-S-10 was synthesized and evaluated as substrates for
fit of the data to the MichaelisMenten equation. The line in the ~ RTA (Figure 1). Sterloop RNA 8-mer 5CG GAGA CG-
inset demonstrates the best fit of the data for A-14 hydrolysis to 3' cross-linked between the C bases by dithiols had been
the double-reciprocal MichaetisVlenten equation. previously evaluated, and the substrate efficiency was

native enzyme isolated from castor beans, the native enzymdmproved 10-fold compared to that of non-cross-linked 8-mer
which has been chemically deglycosylated, and the cloned(34). A-S-10 was tested as an RNA with cross-linkers
A-chain overexpressed iB. coli, were characterized with ~ between the 3 and 3-terminal ribosyls using bis(hexa-
A-10 as substrate. All enzymes gave similar kinetic param- methylene) disulfide. In the case of A-S-10, the values of
eters (results not shown). Thg, value of 4.1uM is similar Km andkea were slightly reduced, compared to those of A-10.
to that reported for RTA acting on ribosome8.( The ke Therefore, increased stem stability has little effect on the
value of 4.1 min? is the largest turnover number reported kinetic parameters, and indicates that A-10 is fully base-
for RTA with 10-base stemloop RNA. The catalytic rate ~ Paired during catalysis. This finding is incompatible with
is greatest at pH 4.0, at low salt concentration, and in the an earlier hypothesis that A-10 is a slow substrate at neutral
presence of EDTA. Howeveke is 400-fold lower than ~ PH values because of stem-melting at the catalytic Site (
that reported for depurination of mammalian ribosomes. To Substitution of a stem structure with increased A-U content
investigate the effect of stem structure, RNA stelopp in the 18-base sterrioop (AU-18) decreased thies by a
structures A-10 to A-18 were tested (Figure 1). Variations factor of 20 (Table 1). Thus, the stem structure plays an
were incorporated into the stem to investigate the effect of important role in substrate specificity.

stem sequence. The catalytic turnover number increased to One mechanism folN-riboside depurination reactions
a maximum of 219 mint (Figure 3) with A-14 and decreased proposes transition state formation following enzymatic
to less than 10% of that value at A-10 and A-18, respectively ionization of the 2hydroxyl (35, 36). To test this mecha-
(Table 1). TheK, values vary only slightly from an average nism for RTA, stem-loop DNA 10-mer {A-10) was
value near M. The maximunk.approaches one-eighth  synthesized and tested as substrate (Figure 1). RTA catalyzes
the value for RTA acting on native ribosomés.( Although the hydrolysis offA-10, with aKy, of 2.6 uM and akcs of

the k.o approaches that for the physiological reaction, none 0.38 min! (Table 1). This finding is in contrast with an
of the substrates is active at pH 2.5The associated early report that a sterrloop DNA 32-mer which contained
ribosomal components must therefore play a critical role in the sarcin/ricin loop was not a substrate for RT3)( The
interacting with RTA and/or in orientating RNA steffoop Km value is similar to that of A-10, and the,: drops 10-
conformation optimally. Under the experimental conditions fold. In solution, stemrloop DNA with a GNNA tetraloop
described here, multiple catalytic turnovers occurred, and typically has a type I-loop and a B-form stem, while RNA
complete hydrolysis of sterloop RNA to the adenine  with a GNRA tetraloop has a type lll-loop and an A-form
depurinated product was obtained. The products of the stem (Figure 4). The active site of RTA may accommodate
reaction for A-10 were characterized by hydrolysis of structural differences between RNA and DNA, by reorganiz-
depurinated oligonucleotide to individual monomer nucleo- ing the nucleotide loop conformation that is required for
sides which were analyzed by HPLC (see Experimental

Section). Four UV-absorbing peaks in the HPLC profile 4 oy o1y 7 5 incubation of 1.56M RTA and 24M RNA 35-mer
corresponded to cytidine, guanosine, adenine, and adenosingiom the sarcin/ricin domain of 28 S rRNA gave 10% conversion
in a ratio of 3:5:1:1. Control substrate A-10 was also pr%%lécgfait% %u f’:/laégggnfgzgl;cmfg (13 glcr_‘ng\féﬁecrgg Qg?)g;hé
degrad?d to. give three pe.a.ks as cytidine, guanosine, ancggve 1O%Idepurination at 90 min forkay of 1 turnover per 171 h
adenosine (in a ratio of 3:5:2). The results demonstrated ynger the same condition8)( The ke of @ 19-mer RNA sarcin/ricin
that RTA catalyzes the specific depurination of a single domain (3GGGCACUCA GAGA UGAGUG-3) was reported to be

adenine from A-10 with the same specificity demonstrated 0.71 mim* at pH 7.0 at low ionic strength3f). Also at low ionic
strength, 5CGC GAGA GCG-3 was reported to have la, of 1.7
min~! with RTA at pH 7.5 (9). These rates of RTA action could not
3At pH 7.5 and in the mixed buffer used for the pH profile, the be reproduced at neutral pH values in this study, suggesting unstable
reaction rates for A-12, A-14, and A-16 were less than 0.1% of the control of pH by the low buffer concentrations used in the previously
reaction rates at pH 4.0. reported works.
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FIGURE 4: Stereoviews of stemloop RNA (top,5C GAGA G®) and stem-loop DNA (bottom,*A GTTA T?). The drawings were created
from the coordinates reported in referen@dsand 38, respectively.

catalysis. However, the equivaleéf, values for stermrloop Table 3: Kinetic Constants of Inhibitors for RTA

RNA A-10 and_ DNA 9A-10 indicate that the 'Z_wyc_iroxyl inhibitor Ki# (M)
groups have little influence on substrate binding. The adenosine ~5000

influence of the 2hydroxyl as the substrate for RTA can EMP >1000

be further assessed with a stefnop oligonucleotide with 5'-AMP® >1000

a G'AGA tetraloop in which only the targeted adenosine has 3-AMP® . >1000

been replaced by'2leoxyadenosine, but the remainder of ié’b'ADP 2888

the polymer is RNA. Orita et al. recently reported that the GAGAD =400
oligonucleotide with stem-®GA-stem has a similar overall R-1C¢ 0.9+0.1
solution structure as that with stem-GAGA-stem, and both N-1C° 0.34+ 0.06
were comparable RTA substrat@g), These results estab- e 010 (oH 4.0)
lish that ionization of the "2hydroxyl is not a significant 25+ 6 (pH 5.0) '

Interactlon for CdN egCOSId.IC bond scission. _T_he 10-fold 2 |nhibition studies used-7 uM A-10 as substrate’ No inhibition
decre_ase icar OT A-10 relat've 0 A-10 m_ay originate from was detected at maximum inhibitor concentrations of-22% mM.
the difference in solution structure or in the role that 2 MaximumK; values are reported as>2 the highest tested inhibition
hydroxyl groups from other residues in the loop play in concentration which gave no detectable inhibitibK; values were
stabilizing the transition state complex. The nonessential detre]fmi”ed from fits Eji‘/‘?}i“i(ﬂla' "ﬁ; ?ataA‘]/SJr"jhibit_Of Cloncemfati?ns
P L : to the expression = kea[Km(1 + 1/K;) + A]. @ Previously reporte
role for the 2-hydroxyl _|nd|cates that inhibitor design for_ at pH 7.5 and reported here at the indicated pH valas (
RTA can be based on either the RNA or the DNA polymeric

structure, thus providing altered stability toward nucleases. the binding energy to form the Michaelis complex resides

Structural components of the tetraloop were also examined;, portions of the stemloop different from the susceptible
for substrate specificity. Adenosine, AMP, dinucleotide AG, gdenine group (Table 3).
and tetranucleotide GAGA were not hydrolyzed by RTA  |jhibition of RTA by RNA Stentoop Analogues.Oli-
even in the presence of a stoichiometric excess of RTA gonycleotides which feature distinct oxocarbenium transition
relative to substrates (Table 1). It was previously reported siate mimics at the RTA depurination site were chemically
that AMP could be cleaved by RTA during cocrystallization  gynthesized (Figure 1). Phenyliminoribitol (X) is known to
experiments 40), while AG binds weakly but is not  mimic the developing oxocarbenium ion in the ribosyl ring
hydrolyzed by RTA L1). The present results are in f jnosine in enzymes which are characterized by ribooxo-
agreement with studies which indicated that RTA is catalyti- ~5rpenium ion transition statestl). Formycin A (F)
cally active only on oligonucleotides with the steoop  mgnophosphate is a transition state analogue of AMP
structural motif. The energy of activation for depurination nucleosidase, an enzyme which depurinates AMP, chemistry
by RTA is therefore obtained from the combined interactions gjmilar to the RTA reaction4?). AMP nucleosidase acts
between the enzyme and the substrate adenine as well agy qonating a proton to the adenine base prior to reaching
the adjacent GAGA tetraloepstem structure. The suscep-
tible C=N bond in adenosine or AMP residues alone is 5R-10 was obtained by complete depurination of A-10 by RTA,

insufficient.  Since the depurinated RNA 10-mer (R-10, fojlowed by purification by HPLC using a reversed-phase C18 semi
Figure 1% binds to RTA slightly better than A-10, most of  prep column.
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Ficure 5: Inhibition of RTA by X-14 (upper panel) and N-10
(lower panel) using A-10 as the competitive substrate. The lines
are the best fit of the data to the equation for competitive inhibition.
The concentrations of A-10 were fixed at 7.3 and &M,
respectively.

the transition state. In formycin nucleotide, the elevat€g p
at the position corresponding to N7 in purine andya
ribosyl torsion angle are two features of the transition state
for AMP nucleosidase43). The formycin and iminoribitol
analogues were incorporated separately into RNA stem

Biochemistry, Vol. 37, No. 33, 19981611

which mimics the positive charge developed at a ribooxo-
carbenium transition state. THh& for X-14 with RTA was
determined at both pH 4.0 and pH 5.0. THKg value
increased from 0.18 to 26M at the elevated pH (Table 3).
The binding of X-14 decreases rapidly at increasing pH,
consistent with multiple ionization sensitivity, as demon-
strated for theK,, with A-10 (Figure 2). Thus, for RTA,
the cationic form is implicated as the active inhibitor.
However, ionization of several groups on the enzyme or X-14
at elevated pH caused a profound decrease in X-14 binding.
The binding of X-14 to RTA could be achieved by
electrostatic interaction of the protonated nitrogen of the
iminoribitol ring with Glul77 and by favorable-stacking

of the phenyl ring between Tyr80 and Tyrl23. Under the
conditions for optimal catalytic activity, the binding affinity
of X-14 to RTA is 23-fold stronger than that of the substrate,
and 11 000 times tighter than the approximately 2 mM
binding constant estimated for FMR1). However, the
inhibition constant is considerably weaker than expected for
an efficient transition state analogue inhibitor. The energy
required for the development of the proposed oxocarbenium
ion transition state is contributed only partially from distor-
tion of the ribosyl ring to the carbenium ion at the active
site of the enzyme4p).

Analysis of Acid-Catalyzed Sallysis. Another reaction
pathway to an oxocarbenium transition staté\inibosidic
bond hydrolysis is protonation of the leaving group, a familiar
mechanism in the acid-catalyzed solvolysis of nucleosides
and nucleotides4). Protonation of the leaving group has
been theorized for RTA and can be tested in analogues with
altered X, values in the leaving group. Formycin A is an
isomer of adenosine in which th&pof the N7 position is
elevated from that near 2 in adenosine to above 8 in formycin
A (47). If protonation of the leaving group at N7 is involved
at the transition state, stentoop F-10 would be expected

loop structures and were tested as RTA inhibitors using the to bind favorably, as FMP does in AMP nucleosida$8) (

stem-loop RNA 10-mer (A-10) as a competitive substrate.
The phenyliminoribitol stemloop (X-14) was described
previously and tested at the unfavorable pH of 7L.9).(At

pH 4.0, X-14 and F-10 bind to RTA witK; values of 0.18
and 9.4uM, respectively (Table 2 and Figure 5). Phenylimi-
noribitol (X), formycin A monophosphate (FMP), adenosine,
AMP, 5,3-ADP, AG, GAGA, dinucleotide pXGp, and
tetranucleotides pGXGAp and GFGA showed no inhibitory
activity against RTA at concentrations ranging from 200

to 2.5 mM (Table 3). The lack of inhibition by FMP at 200
uM is consistent with the observation from crystallographic
studies that saturation of the catalytic site of RTA with FMP
requires millimolar concentrationd ).

F-10 binds to RTA approximately 2-fold weaker than
substrate (Table 3), indicating that enzymatic protonation at
N7 of the leaving group base is not a major contribution to
transition state binding energy. The similar binding energies
for A-10 and F-10 indicate that F-10 is a substrate analogue
for RTA. All the nucleotide residues in stentoop RNA
have ananti-ribosyl torsion angle37), while formycin A
and FMP havesynconformations43, 49). This conforma-
tional preference of formycin A does not prevent the binding
of F-10 to RTA. These results suggest that formation of an
oxocarbenium transition state is facilitated by leaving group
interactions at sites other than N7 and ribosyl ring activation.
Inhibitors will require all of these features to be efficient

The interactions between RTA and several nucleotides andtransition state inhibitors. Another explanation for F-10

nucleotide analogues have been analyzed by X-ray crystal-

lography (1, 40). Tyr80 and Tyr123 are proposed to interact
with the adenine ring byr-stacking, while Glul77 is

binding is that the increasedKp at N7 of formycin A
increases binding affinity but this interaction is canceled by
an unfavorable binding energy for a nucleotide which has a

proposed to stabilize the proposed developing oxocarbeniumpreference for ayn Nribosidic bond. Structural information

ion charge on the ribosyl ring by an electrostatic interaction.
Protonation of Glul77 would eliminate the ability to ion-
pair with the transition state and is consistent with the group
of pK, 3.3 seen in the pH profile fdt..« The ring nitrogen

in phenyliminoribitol has a g, of 6.5 @41). However, the
neutral form of phenyliminoribitol has been proposed to be
the active form of the inhibitor for interaction with nucleoside
hydrolase 44). At pH 4.0, the iminoribitol is protonated,

will be required to resolve this question.

The mechanism of ribosyl versus leaving group activation
in RTA riboside hydrolysis can be further explored by
including a good leaving group at the position of the
depurination site. An oligonucleotide containipgnitro-
phenylO-riboside is diagnostic for ribosyl activation by
RTA. If RTA catalysis occurs by leaving group activation,
N-10 (Figure 1) would be a poor substrate since the



11612 Biochemistry, Vol. 37, No. 33, 1998

Chen et al.

p-nitrophenyl group lacks a proton accepting site. If the artificial RNA substrates and provide the means for detailed
enzyme acts by ribosyl activation to form the ribooxocar- mechanistic studies of the depurinating plant toxin.

benium ion transition state, N-10 would be an active substrate

since thep-nitrophenoxyl group is an excellent leaving group. REFERENCES

Ribosyl N-hydrolases which primarily activate the ribosyl
group are known to hydrolyzenitrophenylO-riboside with
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