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Abstract: Hepatitis delta virus ribozymes have been proposed to perform self-cleavage via a general acid/
base mechanism involving an active-site cytosine, based on evidence from both a crystal structure of the
cleavage product and kinetic measurements. To determine whether this cytosine (C75) in the genomic ribozyme
has an altered i, consistent with its role as a general acid or base, we &¥d\MR to determine its
microscopic K, in the product form of the ribozyme. The measuréd, g moderately shifted from that of a

free nucleoside or a base-paired cytosine and has the same divalent metal ion dependence as the apparent
reaction fKy's measured kinetically. However, under all conditions tested, the microscEpiis fower than

the apparent reactiorkp, supporting a model in which C75 is deprotonated in the product form of the ribozyme

at physiological pH. While additional results suggest that tkg ip not shifted in the reactant state of the
ribozyme, these data cannot rule out elevation of the G&Z5rpan intermediate state of the transesterification
reaction.

Introduction form of the genomic ribozyme revealed a cytosine (C75) residue
proximal to the 5hydroxyl leaving group of the transesterifi-
cation reactiort. This led to a hypothesis that C75 acts as a
general acid or general base in the reactidhhaving a role
similar to that of the catalytic histidines in RNase A (see Figure
1 for a general mechanism).

Recent investigation of the reaction kinetics of both the
genomic and anti-genomic HDV ribozymes has provided strong
evidence that C75 (C76 in the antigenomic ribozyme) is directly
*To whom correspondence should be addressed: Department of jnyolved in the transesterification reaction. While mutation of
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During rolling-circle replication of the hepatitis delta virus
(HDV) RNA, genome-encoded self-cleaving ribozymes produce
unit length genomic and anti-genomic RNA products (reviewed
by Lai'). Two structurally homologous ribozymes, one in the
positive strand and one in the negative strand of the virus, carry
out site-specific strand scission with a minimal requirement for
divalent metal iong:2 A crystal structure of the self-cleaved
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Figure 1. Proposed mechanism of general acid/base-catalyzed cleavage of a phosphodiester bondBidé&tigtes general base which deprotonates
the nucleophile. In a related proposal this base is spetficdenotes the general acid which protonates thedving group. The transition state
is assumed, and no hypothesis about the protonation of the dianion or any intermediates is made here.

of an A at this site supports self-cleavage, albeit at a ratg 2
orders of magnitude slower than that of the wild-type ribozymes.
Comparison of the kinetic pH profiles of the wild-type ri-

nucleotide analogue interference mappihglsing these tech-
niques, bases with unusually shiftepvalues have been
observed adjacent to the active sites of the lead-dependent

bozymes and the C75A/C76A point mutants showed a differenceribozyme? and the hairpin ribozym&, and in the peptidyl

in the apparent g, of the reaction by approximately the same
amount as in free C versus A nucleoside€(7 pH unit)>~’

In addition, the activity of C76U and C76 deletion forms of
the antigenomic ribozyme can be partially restored by addition

transferase center of the riboso{é*

To measure thely, of C75 in the active site of the genomic
HDV ribozyme directly, we designed a trans-acting construct
analogous to one previously descriBedFigure 2a). This

of exogenous imidazole or 4-substituted imidazole analogues allowed site-specifié3C 1N-labeling of individual residues. We

as well as cytosine and isocytosine. The pH profiles of the
4-substituted imidazole reactions show apparéffspsimilar

show that the in situ g, of C75 in the product form of the
HDV ribozyme, as calculated frod?C chemical shifts of the

to those of the free imidazole analogues. Kinetic solvent isotope base carbons, is only modestly shifted from that of free cytidine.

effect (KSIE) and proton inventory experiments confirmed that
a single proton is transferred during the rate-limiting step of

Mechanistic implications of this finding are discussed.

the reactiors. These data support a role for C75/C76 as a general Materials and Methods

acid or general base in the transesterification reaction.
For efficient catalysis, thel, of C75 would have to be near

Preparation of Site-Specifically**C,*>N-Labeled HDV Ribozymes.
The two RNAs that comprise the NMR construct were transcribed in

7 at some stage of the reaction, as is the case for histidines 1iitro. The 3 RNA was transcribed from &sd-linearized pUC19-

and 119 in RNase Agnabling C75 to donate or accept a proton
at physiological pH. While the I, of free cytidine is 4.2,
cytosines with shifted i§;'s have been observed in RNA and
DNA.19-18|n these studies, nuclear magnetic resonance (NMR)
was used to detect the protonated N3 imino proton, which is
usually stabilized through a hydrogen bond with an acceptor
group in a non-WatsonCrick base-pair interaction. Methylation
by dimethyl sulfate (DMS) of N3 on cytosifand N1 or N3

on adenosir® is also sensitive to protonation, and bases with
unusually shifted Kys have recently been detected using

(7) Saenger, WPrinciples of Nucleic Acid Structuré&pringer-Verlag:
New York, 1984.

(8) Shih, 1.-h.; Been, M. DProc. Natl. Acad. Sci. U.S.2001, 98, 1489-
1494.

(9) Meadows, D. H.; Jardetzky, ®roc. Natl. Acad. Sci. U.S.A968
61, 407-413.
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7289.

(12) Sklenia, V.; Feigon, JNature 199Q 345 836-838.

(13) Jaishree, T. N.; Wang, A. H. Nucleic Acids Res1993 21, 3839~
3844.

(14) Leroy, J. L.; Gehring, K.; Kettani, A.; Gueron, NBiochemistry
1993 32, 6019-6031.

(15) Klinck, R.; Liquier, J.; Taillandier, E.; Gouyette, C.; Huynh-Dinh,
T.; Guittet, E.Eur. J. Biochem1995 233 544-553.

(16) Gallego, J.; Chou, S.-H.; Reid, B. R.Mol. Biol. 1997, 273 840—
856.

(17) Brodsky, A. S.; Erlacher, H. A.; Williamson, J. Rucleic Acids
Res.1998 26, 1991-1995.

(18) Asensio, J. L.; Lane, A. N.; Dhesi, J.; Bergqvist, S.; BrownJT.
Mol. Biol. 1998 275, 811-822.

(19) Connell, G. J.; Yarus, MSciencel994 264, 1137-1141.

(20) Muth, G. W.; Ortoleva-Donnelly, L.; Strobel, S. Science200Q
289, 947-950.

derived plasmid containing the T7 promoter and the ribozyme coding
sequence, using a standard protocol for in vitro transcrigfiche 3

RNA was transcribed separately from a synthetic DNA duplex in which
the last two coding nucleotides wereriethoxylated to prevent addition

of untemplated nucleotides to the transcfipfThe 3 RNA was
transcribed with a limiting®C **N-labeled CTP (Martek Biosciences,
Cambridge Isotope Laboratories). The initial CTP concentration was
250 uM, while the concentration of ATP, GTP, and UTP was 5 mM
each. The incorporation of the labeled CTP during transcription was
monitored using anion-exchange chromatography (Dionex NucleoPac
PA-100), and the reaction was terminated when no free CTP could be
detected. Both RNAs were purified using preparative-scale denaturing
polyacrylamide gel electrophoresis. After electroelution and concentra-
tion, the RNAs were assembled by heating to°€5for 5 min and
annealing at 37C for 1 h in 10 mMMgCl,, 100 mM LiCl, and 10

mM potassium cacodylate, pH 7. Following self-cleavage, the product
complex was purified away from the precursor and the individual RNAs
using preparative size-exclusion chromatography (Superdex 75; Phar-
macia Biotech, Uppsala, Sweden) in the presence of 100 mM LIiCl, 1
mM MgCl;, and 10 mM KHPO/K,HPO,, pH 7. The purity of the
complex was confirmed using analytical denaturing gel electrophoresis
(Figure 2b). The sample was concentrated and exchanged into the final

(21) Oyelere, A. K.; Strobel, S. Al. Am. Chem. So200Q 122 10259~
10267.

(22) Legault, P.; Pardi, AJ. Am. Chem. Sod.994 116, 8390-8391.
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39, 16026-16032.
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2000 289, 920-930.

(25) Branch, A. D.; Robertson, H. [Proc. Natl. Acad. Sci. U.S.A991,
88, 10163-10167.

(26) FerfeD’Amarg, A. R.; Zhou, K.; Doudna, J. Al. Mol. Biol. 1998
279 621-631.

(27) Kao, C.; Zheng, M.; Ridisser, SRNA1999 5, 1268-1272.
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a) F Table 1. pK, Values of'3C *N-labeled Cytosines under Varying
Metal lon Conditions
SE 53;" = position K2 solvent conditions
Pt g-g ”g:g C75 5.4 0.7 mM CaG| 70 mM LiClI
P C=G C75 4.8-5.0 ~0.7 mM MgCh, 70 mM LiCl
, y\6-C c-é—u C75 4547 0.9 mM MgC}, 90 mM LiCl
§emmmens e u Pz + c75 4143 3 mM MgCb, 40 mM LiCl
Gg:cucacua—c c84 3.5-3.6 ~0.7 mM MgCb, 70 mM LiCl
CAA .G _ gnm aThe Ka values represent averages of th&,’p calculated from
C=G ) the C2 and C4 carbon chemical shifts. All values for the?Mg
ﬂ:g conditions were generated by fitting eq 2 to the data with as a
pg U=A variable_.émax for the C2 and C4 resonances of CMP is 9.4 ar]d 71,
g:g respectively’® These values are used to calculated the lower limit of
U=A the Karange. The upper limit of thelfa range is calculated with 30%
e lower values 0Bnax. The calculations for the Gacondition included
3 &5 Jdmax @S a variable, giving the values of 8.1 and 5.9 for C2 and C4
resonances, respectively.
1 2 3 4
b) Determination of pK, of C75. The KJ's were determined from
&' precursor i —— 13C chemical shifts using the equation
cleaved 5' piece - — _ 6protonated+ 6deprotonatedx 10(pH Pra
cleaved leader 6observed_ (1)

-— —
: 14 10PHPKa
3 oligo - “ -_—
) . wheredprotonated@Ndddeprotonated@re the chemical shifts of protonated and
Figure 2. NMR construct and purlflca_ltlor(a) Sequence a_nd secondary deprotonated states, respectivélyA more convenient form of the
structure of the trans construct used in the NMR analysis. The sequenceaquation for fitting our experimental data is obtained by essentially

is based on the genomic HDV ribozyme, and the secondary structure referencing the chemical shifts of each observed carbon to their high
reflects the double-pseudoknot observed in the crystal structure of the yy yalue. The equation then becomes

ribozyme? Dark letters correspond to the nucleotides of thRBEA.

The dotted line corresponds to the leader sequence which is cleaved AS = O gpserved™ Odeprotonated™

off during the reaction; the arrow indicates the cleavage site. Gray letters 5 5 5

correspond to the’ RNA with outlined3C !5N-labeled cytosines and protonated _ “deprotonated max )
C84U mutation made in the control constru@). Analysis of the self- 1+ 1gPH-PKa 1+ 10PH-PKa

cleaved complex. RNA samples were fractionated on a 16% denaturing

polyacrylamide gel. Precursof RNA (lane 1) and 3RNA (lane 2) wheredmaxis the full change in chemical shift of the carbon resonance

were heated in the presence of magnesium &@8&nd anealed at 37  upon protonation. When full protonation of the titrated residue is not
°C to facilitate trans cleavage (lane 3). The product complex was observed, both i§, and omax have to be estimated from the available
purified using size-exclusion chromatography (lane 4). data. In most of our titrations, unambigudd€ spectra could only be
observed up to about the midpoint of the titration. In the cases where
NMR solution containing 10% BD using Centricon 10 concentrators  only partial protonation of the base was observed, estimation of both
(Amicon). The final concentration of all NMR samples was between pK, and dma resulted in unrealistically high values of.a In such
0.5 and 1.5 mM. The NMR samples were stable for several months cases the Ipa was calculated while assuming the valuedgf, to be
and produced almost identicél NMR spectra after heating to £4C the same as that in free nucleoside monophosphate, as was observed
and lyophilization (data not shown). The imino regions of tHANMR in a lead-dependent ribozyr®A similar dmax has been reported for
spectra were also virtually identical to spectra obtained from a sample cytosine in a CACACA hexanucleotide in,O, although an about 20%
made with a synthetic'dligomer (Dharmacon). All pH values were  lower dyax is observed with the same molecule in dimethyl sulfoxide
measured using a glass electrode placed directly in the NMR sample; solution?® Somewhat lowerdnax values have been reported for
no correction was made for the 10%Min the samples. To adjustthe  adenosines with unusually shiftedgs in the hairpin ribozyme, as

pH, the samples were titrated with 0.1 M LiOH and 0.1 MP;. compared with a lead-dependent ribozyme, although full deprotonation
Titration with KOH and HCI did not result in noticeable changes in  was not observe® Lowering dmax increases the estimatet pof the
the proton spectra, as compared with the LiOkHE, titration, titrated base. The effect of decreasgg, on the X, of C75 is reflected

suggesting that the structure of the ribozyme is not dependent on thejn Table 1.

type of acid or base used in the titration. Three other NMR samples

were prepared: (1) a construct in which tHd&RA strand started with Results

G(+1) 5-monophosphate, (2) an inhibited form of the ribozyme with . . .

a deoxy(A) at the—1 position, and (3) an uncleaved form of the Design and Preparation of the Construct.n the two-piece
ribozyme in which the 5and 3 pieces were assembled and purified in  RNA construct used in this study, theRNA contains a leader
the absence of hydrated divalent metal ions. All three samples exhibited Sequence followed by the first 52 nucleotides of the ribozyme
13C chemical shifts for the C75 that were similar to those of the cleaved in which the P4 helix is shortened and the loop L4 left out in
form at neutral pH, but upon acid titration the quality of #i€ spectra order to allow for a break in the backbone (black letters in Figure
decreased substantially. In all cases the lines shifted, broadened, angg). The 3 RNA is a 23-nucleotide oligomer that base-pairs
split into multiple components, thereby precluding a straightforward  \yith the 5 strand in regions P2 and P4 to form an active

PKa analysis. ribozyme (gray in Figure 2a). The G10-C85 base pair (wild-

NMR Spectroscopy.The *H-decoupledC spectra were recorded L . _ .
on a Varian Inova 500 spectrometer at 125.885 MHz usitig airect- gﬁiger_lzmlc Irlbozyme ””mbe””‘%)h!s In\lllerted,fleavmlg the 3
detect probe with 2.5 $H NOE presaturation. The spectra were wit . OnyltW?S cytosines. IS allows 1or se eCt'\_/e
recorded at 37C with 7168 complex points with a sweep width of ~incorporation of°C*N-labeled cytosines at the active site

18 002 Hz and the carrier at 109.3 ppm. Typically, from 500 to several ™~ 5g)"| egault, P.: Pardi, AJ. Am. Chem. Sod997, 119, 6621 6628.
thousand scans were recorded to obtain an adequate signal-to-noise (29) Barbarella, G.; Schenetti, L.; Tondelli, Gazz. Chim. 1tal1993
ratio. 123 251-255.




8450 J. Am. Chem. Soc., Vol. 123, No. 35, 2001 Lumaal.

(position 75 in the wild-type genomic ribozyme) and, as a NH, C75 —
control, in helix P2 (position 84). To assign the carbon SN C84 o
resonances of the labeled cytosines, a separate construct was el N o 4 2 6 pH
prepared with a C-to-U mutation at position 84 (Figure 2a). a R

The annealed complex cleaved to completion when stoichio-
metric amounts of the two RNAs were mixed, and the resulting
product was purified under native conditions from the precursor
and the cleaved leader sequence (Figure 2b). To ensure all of
the3C 15N-labeled 3strand was involved in complex formation,
the NMR samples were prepared with excesstfand, and the
self-cleaved complex was purified as described above. The
samples were prepared in 1 mM MgCL00 mM LiCl, and
10% D,O. The HDV ribozyme requires the presence of divalent
metal ions to maintain its tertiary foR¥;32 lithium was chosen

to prevent formation of alternative structures by the G-rith 3
RNA strand.

NMR Spectra of the Self-Cleaved Form of the Trans HDV
Ribozyme.Initial '"H NMR characterization of the self-cleaved
form of the ribozyme revealed a well-dispersed imino region
of the spectrum with about 20 distinguishable peaks (Figure
1S, Supporting Information). No proton resonance in the 15
ppm region was observed at any pH or temperature, indicating

that solvent exchange with any potential imino protons of b)

unusually basic cytosines was fast on the NMR time scale. €75 only
However, two amino resonances with a pH- and temperature- 744
dependent chemical shift were observeld4y 7—7.5). Specific AR o R
isotopic labeling of the C75 confirmed that neither of théde 180 170 160 150 140 130
resonances belongs to the amino group of C75. In the absence 5C (ppm)

of full assignment of the molecule, we hypothesize that the _. .
observed pH- and temperature-dependent spectral change reI_:lgure 3. Carbon-13 NMR spectra of the selectively labeled HDV

. . ribozymes.(a) C75- and C84-labeled complex at pH 4.70, 5.25, 5.65,
sulted from a strl_JcturaI rearrangement, most likely in the base 6.58, and 7.08(b) Complex with C84U mutation showing a single
quadruple involving protonated C43:3 13C resonance for each carbon type at pH 7.44. Smaller peaks

We were able to determine th&pof C75 using indirect correspond to the natural abundaf¥@ spectrum of the 74 unlabeled
detection of the base protonation through base carbon chemicahucleotides. Dotted lines and solid lines connect resonances of carbons
shift measurements. The downfie¥C spectral region of the  at positions 2, 4, and 6 of C84 and C75, respectively. All spectra were
constructs used in this study is presented in Figure 3. This regioncollected at 37C and processed with 20 Hz line broadening.
contains resonances corresponding to carbons 2, 4, and 6 on
the cytosine ring. Positions 2 and 4 are not protonated and
exhibit the highest chemical shift change upon protonation of
the N3 imino nitroger?82° Figure 3a shows th&C spectra of
cytosines 75 and 84 at acidic to neutral pH's. The spectra contain
two peaks for each carbon type, one of which shows a more &
dramatic chemical shift change as a function of pH (indicated
by the solid line in Figure 3a). Comparison with the spectrum
of the C84U mutant (Figure 3b) demonstrates that these shifting §
peaks correspond to the C75 carbon resonances. The resonancés
of C84 (indicated by the dotted line in Figure 3a) exhibit only
a slight change of chemical shift. This nucleotide is involved
in a Watson-Crick base-pair interactiohyhich stabilizes the o
deprotonated state of the N3 of cytosine. 3 4 5 5 7 8 9

Measurement of the K, of the Active-Site Cytosine Figure ?

i i 1; S5N|-
;sg%gz&g;w::zz dcgrr\czfi(;)ljsfhsilltcgo(r:%ri?iggz %%u'\és were _refere_nced to the highest pH measured and to the ma>_<i_mum
o . . ; ... chemical shiftpmax used to fit the data (see Table 1). Sample conditions
were calculated by fitting the chemical shift data to eq 2, with o6 as follows: 0.7 mM MgG) 70 mM LiCl (circles); 3 mM MgC},

pKaas a variable. In only one case, in the presence of calcium, 40 mm Licl (triangles); 0.7 mM CaGJ 70 mM LiCl (squares). Lines
could the sigmoidal shape of the titration curve be observed. In represent the best-fit curves generated using eq 2. Dashed line is a

that case, botldmax and K, were used as variables to fit the  theoretical curve based on kinetic data representing the protonation of
C75 in the wild-type genomic ribozyme in 0.87 mM Mg@lt 37°C 8

1

tion Protol
o
w

Figure 4. Protonation of C75. The chemical shifts of the C2 carbons

(30) Lafontaine, D. A.; Ananvoranich, S.; Perreault, INBcleic Acids
Res.1999 27, 3236-3243.

(31) Ananvoranich, S.; Perreault, J.Blochem. Biophys. Res. Commun. data, resulting in @max which was about 15% lower than the

200Q 270, 600-607. Omax Of CMP 28 As a result of this change, we used the range
(32) Grech, A.; Doudna, J. A., unpublished. = of 0.7—1.0 x dmax (CMP) to determine the range of values for

55é33) FerfeD’Amaré, A. R.; Doudna, J. AJ. Mol. Biol. 2000 295 541~ pKg's in the presence of magnesium. The calculatgdare
(34) Wadkins, T. S.; Shih I.-h.: Perrotta, A. T.: Been, M. ID.Mol. shown in Table 1. The values represent the averageKgs p

Biol. 2001, 305, 1045-1055. calculated from chemical shifts of the C2 and C4 carbons. The
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difference in K, values calculated with C2 versus C4 chemical analysis of this form of the ribozyme, although we estimate

shifts is 0.04-0.06. that the K, is less than 5 (in 1 mM EDTA, 1.5 mM cobalt
hexammine, and 150 mM LICl). A related construct of the
Discussion and Conclusions ribozyme, which contained d Bionophosphate at the cleavage

site, exhibited a well-disperséti spectrum similar to théH
spectrum of the cleaved form of the ribozyme. Tf@ spectra,

on the other hand, showed multiple peaks for each type of
carbon on the cytosine ring, barringpanalysis in this construct
as well. As in the case of the uncleaved form of the ribozyme,
€hear neutral pH th&C chemical shifts were similar to those of

In this study, we used &C-labeled form of the genomic
HDV ribozyme to determine thelf of an active-site cytosine
proposed to be involved in general acid/base catalysis during
ribozyme self-cleavag&.62In order for C75 to be an efficient
general acid/base catalyst in the phosphodiester cleavag

reaction, its i, should be near 7 at some stage during ribozyme a deprotonated cytidine (in 0.9 mM MgCind 90 mM LiCl)

self-cleavagg to enable it to accept or QOnate a proton. This suggests that the C75 may not have an unusually shifted
13C NMR is perhaps the most sensitive method to measure pKa in the precursor state of the ribozyme.

the protonation state of specific functional groups in macro- * 14 nderstand these results in light of the kinetic data

molecules. While'H NMR can be used to detect a titrating hjished by other groups requires consideration of the general
proton directly, usually in combination with indirecéN mechanism of RNA cleavage (Figure 1). Breaker and co-
chemical shift observation, this is °n|31/ possible under a slow- \yqrkers have investigated the influence of tHen@cleophile
exchange regime and in cases where'therelaxation is slow o the rate of phosphodiester cleavage and have concluded that
enoug_h to allow for efficient magnetization transfer. Direct iha maximum rate of cleavage with the fully deprotonated 2
detection of the heteronuclei on the titratable nucleobase hydroxyl group is about 0.01 miR.% In addition, when the
circumvgnts the problem of rapid re!axation in large molepules conformation of the 2hydroxyl and the reactive phosphate
and rapid sE())Ivent exchange. For this purpdse, detection is 45y s close to the theoretical geometry of an in-line attack,
superior to'>N observation, given the higher receptivity'8€ the rate of cleavage is accelerated by about 103bf@he

and the large chemical shift range for the base carbons that arg;pserved maximum rate of cleavage of the HDV ribozymes is
directly bonded to the titrated imino grouis2® The sensitivity about 10 min?, about 100-fold higher than the maximum

of these3C chemical shifts to pH makes this method an qqretical rate resulting from the nucleophilic attack by the 2
especially informative probe of the state of protonation of the ,xyanion group. This means that further acceleration of trans-
site of interest. _ . esterification must come from stabilization of the transition state
13C spectra of the site-specifically labeled HDV RNA show  ang/or stabilization of the leaving group. The general acid/base
that, in the product state of the reaction, th& pf C75 is only mechanisms proposed previously have suggested stabilization
moderately shifted from that of the free nucleoside. TH& p by protonation of the 'Soxyanion leaving group as one of the
estimated from thé*C chemical shifts of the C2 and C4 carbons steps involved in the catalysi$, although protonation of an

of the C75 base is about 4.8 when measured in 0.7 mM"Mg  anjonic phosphorane intermediate related to the transition state
and 70 mM Li, 0.6 unit above the I, of free cytidine. The cannot be ruled out.
PKa of the same group measured at 3 mMMgs not shifted There are three basic possibilities that would explain the
from that of free nucleoside at all, while in the presence of 0.7 equilibrium data presented in this paper in view of the available
mM Ca&* it is slightly higher (5.4). As a control experiment,  yinetic data for the HDV ribozymes: (1) if the observed reaction
titraf[ion of 1 mM cytidine nucleoside was carried out in samples pK.'s reflect a rate-limiting step other than chemistry, C75/C76
having between 0 and 3 mM Mg£in the background of 70 may not be a general acid or base in the transesterification
mM LICl. Using the chemical shifts of the H5 and H6 protons, reaction; (2) if none of our precursor and precursor analogue
the K, of the base was found to be independent of the divalent samples had properly preorganized active sites, KaopC75
metal ion concentration under these conditions. Our results ShOWimmediater before the reaction may in fact be significantly
that, in the product state of the ribozyme, C75 is fully gpjfted, reflecting the apparent reactidtp(3) if our precursor
deprotonated close to neutral pH. The general trend of the NMR samples had active sites resembling the correct precleaved
microscopic &, shifts of C75 follows the same trend in apparent - state, the apparent reactiokgmay reflect transient protonation
reaction K;s:® the [Ka shifts downward with increasing  of C75 during an intermediate step of the reaction. We now
concentration of M§" and upward in the presence of €a  consider the evidence for or against each of these scenarios.
(Table 1). However, the microscopi&gs measqred in the self- The apparent reactiorkgs reflect the K, of an active-site
cleaved form of our construct are about_z units I0\_Ner than the group only if the rate-limiting step of the reaction represents a
apparent ;s calculated from the kinetic pH profiles of the  chemical step in the transesterification. The wealth of HDV
cis-acting wild-type genomic ribozyme under similar conditions  rihozyme kinetic data indicates that during the observed step
(Figure 4)° of catalysis, there is at least one, and in most cases only one,
Our data indicate that if C75 is involved in general acid/ proton transferred, in contrast to the six proton transfers
base catalysis, its Ku must be higher in the reactant or hypothesized for an analogous reaction catalyzed by RN&8e A.
intermediate state of the cleavage reaction. We have attemptetproton inventory and kinetic solvent isotope effects on the
to measure thely, of the C75 in the uncleaved form of the  cleavage reaction support a single-proton transfer in the rate-
ribozyme. While we were able to purify the assembled trans |imiting step of the reactiof.The ApK, for the self-cleavage
complex in the presence of EDTA and cobalt hexammine (an reaction in DO versus HO was about 0.4 and 0.7 for the
inhibitor of the cleavage reaction), the lack of well-dispersed genomic and anti-genomic ribozymes, respectiféiwhile the
IH spectra indicated that the complex was not in a unique ApKa of the free cytidine is 0.53 (Figure 2S, Supporting

conformation and, close to neutral pH, the C2 and C4 resonancegnformation). While these effects demonstrate a general proton
of the specifically labeled C75 had chemical shifts similar to

. 3 ; (35) Li, Y.; Breaker, R. RJ. Am. Chem. Sod.999 121, 5364-5372.
those of the deprotonated cytosine in the self-cleaved ribozyme (36) Soukup, G. A.- Breaker, R. RRNA1999 5, 1308-1325.

(Figure 3S, Supporting Information). The lack of unique (37) Breslow, R.; Dong, S. D.; Webb, Y.; R., %. Am. Chem. S0¢996
resonances corresponding to the base carbons precludé€gd a p 118 6588-6600.
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transfer, they could reflect a structural rearrangement involving RNA construct assembles and is catalytically active; and the
formation or breakage of a hydrogen bond during the reaction, imino regions of the proton spectra of thgBosphate- and
rather than reaction chemistry. However, imidazole rescue 5deoxyribonucleotide-containing constructs were well dispersed
experiments performed with a variant of the antigenomic throughout the pH titration. Thus, it appears that ti& pf
ribozyme lacking C76 retained the kinetic solvent isotope effect c75 in the reactant state is not significantly shifted. Therefore,
observed with the wild-type ribozyme, making a structural {he ynusual shift in thelu of C75 obtained from kinetic pH

reatlrrarlgimet?]t '”VOth',ng ?}76 ugllkely.hFurthtterrrtl)orfﬁ the app?r- profiles of the transesterification reaction likely demonstrates a
ent [K.s for the reaction have been shown to be the same for rate-limiting, short-lived K, shift more closely associated with

trans cleavage of either &-35' or 2—5' phosphodiester in the . . . . .
. S the phosphorane intermediate, related to the trigonal bipyramidal
anti-genomic ribozyme, even though the observed rates of " . .
transition state of the reaction (Figure 1).

cleavage were substantially differéfitThese [Kis are near
the K3's measured in the wild-type cis ribozymes. These results,
and the results obtained with the C75A/C76A mutants described Acknowledgment. We thank Donald Crothers, Ronald
above, strongly suggest that C75/C76 is directly involved in a Breaker, Robert Batey, Jeffrey Kieft, Jeremy Murray, Scott
rate-limiting chemical step in the transesterification, as opposed Strobel, and Adegboyega Oyelere for useful discussions; Mela-
to a folding transition. nie Cocco, R. Batey, and J. Kieft for help with NMR; and A.
Since our*C NMR measurements demonstrate that g p  Oyelere for synthesis of dArG dinucleotide. This work was
of C75 is only moderately shifted in the product state, the supported by a grant from the NIH (J.A.D.). The authors

apparent reactionify must correspond to a microscopi&p  acknowledge generous support of the high-field NMR facilities
either in the precursor active site or in a transition-state-related py, the \W. M. Keck Foundation.

intermediate. In the reactant state, we detected no protonation

of C75 near neutral pH in three different constructs with active . . . _— - .
sites containing a'hosphate, &' Bhosphate with an upstream Supﬁ)ortlng Information Available: Flur_e 1S, imino region
deoxynucleotide, or a'Jhosphate with an upstream ribonu- ©f the "H spectrum of the self-cleaved ribozyme; Figure 25,
cleotide (inhibited from self-cleaving by cobalt hexammine). deuterium isotope effect oriq of cytidine; Figure 3S, down-
The lack of protonation might result from these constructs being field region of the'*C spectrum of the uncleaved form of the
improperly folded. However, this is unlikely, since they were ribozyme at pH 6.2 (PDF). This material is available free of
assembled under conditions similar to those in which the all charge via the Internet at http://pubs.acs.org.

(38) shih, I.-h.; Been, M. DRNA1999 5, 1140-1148. JA016091X



