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ABSTRACT. The hepatitis delta virus (HDV), an infectious human pathogen and satellite of hepatitis B
virus, leads to intensified disease symptoms, including progression to liver cirrhosis. Both the circular
RNA genome of HDV and its complementary antigenome contain the same cis-cleaving catalytic RNA
motif that plays a crucial role in virus replication. Previously, the high-resolution crystal structure of the
product form of a cis-acting genomic HDV ribozyme has been determined, while a trans-acting version
of the ribozyme was used to dissect the cleavage reaction pathway. Using fluorescence resonance energy
transfer (FRET) on a synthetic trans-cleaving form of the ribozyme, we are able to directly observe substrate
binding (at a rate constak{, of 7.8 x 1®* M~ min~tat pH 7.5, 11 mM MgGCJ, and 25°C) and dissociation

(at 0.34 mimY). Steady-state and time-resolved FRET experiments in solution and in nondenaturing gels
reveal that the substrate (precursor) complex is slightly more compact3by) than the free ribozyme,

yet becomes significantly extended (by15 A) upon cleavage and product complex formation. We also
find that trans cleavage is characterized by a high transition-state entr@gydu). We propose that the
significant global conformational change that we observe between the precursor and product structures
occurs on the reaction trajectory into a constrained product complex-like transition state. Our observations
may present the structural basis of the recently described utilization of intrinsic substrate binding energy
to the overall catalytic rate enhancement by the trans-acting HDV ribozyme.

The hepatitis delta virus (HDV)s a human pathogen and  of structure and function in this catalytic RNA. A crystal
satellite of the hepatitis B virud). Superinfection by HDV structure of the 3product of the self-cleaved genomic
leads to intensification of the symptoms of hepatitis B ribozyme shows O2 and N3 of a specific cytosine, C75 (C76
infection and frequent progression to liver cirrho&s HDV in the antigenomic form), within hydrogen bonding distance
contains a circular, viroid-like RNA genome of 1679 of the 5 leaving group, suggesting that this nucleobase plays
nucleotides. This genomic RNA undergoes replication via a an active role in catalysisé]. A C76A mutation in the
double rolling-circle mechanism, producing multimers of the antigenomic form results inky, changes of the self-cleavage
genomic and antigenomic RNAs, both of which self-cleave reaction consistent with this nucleotide acting as a general
and religate into circular monomerB(The cleavage activity  base catalyst7). However, the inverted pH dependence of
in the genomic and antigenomic RNAs can be mapped to self-cleavage by the genomic ribozyme in the presence of
minimal ~85 nt motifs. The sequences of these two forms monovalent metal ions supports a mechanism in which C75/
of the HDV catalytic RNA, or ribozyme, are75% identical, 76 acts as a general acid catalyst insteg)d Although the
and they share a secondary structure composed of a nesteftter observation might alternatively be explained in part
double pseudoknoB(-5). by the pH susceptibility of a three-nucleotide motif unique

Self-cleavage of the HDV ribozyme occurs as a general to the genomic sequencé)( there is little doubt that the
base/acid-catalyzed site-specific transesterification reactionHDV ribozyme is an example of a growing number of
and involves nucleophilic attack of the adjaceihhgdroxyl catalytic RNAs in which an RNA side chain actively
group on the scissile phosphodiester, generatif§r&yclic contributes to transition-state chemistgy {0, 11).
phosphate and $ydroxyl termini on the 5and 3 products, It has been shown that the HDV ribozyme reaction can
respectively .5)' Self-cleaving (or cis-cleaving) deriyatives also be achieved by separation into a trans-acting ribozyme
of the HDV ribozyme have been used to study the interplay which binds and cleaves an external substrate, thus greatly
facilitating studies of its catalytic mechanisrg).(In par-

R Tmis W&fk _\tNaS SUpPOHFfd |||Oy NL‘_" Gf%nh%M62f57 ltO ’G‘_-G-r\]/\/-,_a ticular, Been and co-workers have been able to kinetically

trsi(r:ﬁns1 rgTj]ran‘irtlo IJDrfA.%C.,O:ir;a\d g F(J)(\),\Sdcl)e:t’c(‘)?al feIIovrcgh?g llzlrg;”l tlﬁg Syv?/:gz characterize substrate binding and dissociation, cleavage, and

National Fonds to D.R. product release and binding, through elegant steady-state and
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nuclear magnetic resonance. about conformations other than the crystallizég®duct
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Vermont (Burlington, VT), or made in-house using standard
solid-phase phosphoramidite chemistry (Glen Research).
Dharmacon RNA was deprotected as suggested by the
manufacturer, while RNA from the other sources was
deprotected by a two-step protocol as previously described
(18). Deprotected RNA was purified by denaturing 20%
polyacrylamide 8 M urea gel electrophoresis, diffusion
strand B elution into 0.5 M NHOAc, 0.1% SDS, and 0.1 mM EDTA
overnight at 4°C, chloroform extraction, ethanol precipita-
tion, and G reverse-phase HPLC with a linear acetonitrile
gradient in triethylammonium acetate as described previously
(18). For FRET measurements, the three-strand ribozyme
(sequences given in Figure 1) was modified on tharis 3
ends of strand B with fluorescein and tetramethylrhodamine,
respectively, as described previoush8(19). To obtain a
chemically blocked, noncleavable substrate analogue for
structural analyses, the substrate was modified with-a 2
methoxy group at the cleavage site (Figure 1). Ther@duct
had the sequence-68GGUCGG-3. RNA concentrations
Ficure 1: Synthetic HDV ribozyme construct D1. The ribozyme were calculated from _thelr absorptlon at 260 nm and
portion is shown in bold and consists of two separate RNA strands corrected for the additional absorption of fluorescein and
(A and B). For FRET studies, donor (D, fluorescein) and acceptor tetramethylrhodamine by using the relatigfgy/As9, = 0.3
(A, tetramethylrhod_amine) fluorophores were cou_pled to the ter_mini and Ased/Assa = 0.49, respectively.
of strand B as indicated. Substrate strand S3 is shown outlined.

The 3 product comprises the substrate sequencd the cleavage Cleavage ReactionsThe 3-?P-labeled substrate was
site (arrow). prepared by phosphorylation with T4 polynucleotide kinase

and [y-*2P]ATP. All cleavage reactions were conducted under
form has been lacking, the prevailing assumption has beensingle-turnover (pre-steady-state) conditions. Standard condi-
that both the precursor and transition-state structures resemblé¢ions were 40 mM Tris-HCI (pH 7.5) and 11 mM MgCht
the latter 6, 14). 25 °C, unless otherwise stated. Ribozyme was preannealed

On the basis of our previous experience with observing from strand A and twice the concentration of strand B in
ribozyme conformational changes by fluorescence resonancestandard buffer, by heating to 7€ for 2 min and cooling
energy transfer (FRET)16—20), we have devised FRET {0 room temperature. After preincubation for 15 min at 25
assays that study conformational intermediates on the reac-C, a trace £4 nM) amount of 53%P-labeled substrate (also
tion pathway of the trans-acting HDV ribozyme. To this end, in standard buffer) was added to the ribozyme at a final
we have modified the naturally occurring HDV ribozyme to concentration of 400 nM (based on the strand A concentra-
assemble it from a synthetic substrate and two ribozyme tion), unless otherwise noted. Aliquots/&) were taken at
strands (Figure 1). We show here that this three-strand @ppropriate time intervals and the reactions quenched with
ribozyme version yields cleavage rate constants and metallO uL of 80% formamide, 0.025% xylene cyanol, 0.025%
ion, temperature, and pH dependencies comparable to thos@romophenol blue, and 50 mM EDTA. The Bleavage
of other trans-cleaving HDV ribozymes. In addition, it allows Product was separated from the uncleaved substrate by
for site-specific incorporation of the doneacceptor fluo-  denaturing 20% polyacrylamicl8 M urea gel electrophoresis
rescein-tetramethylrhodamine fluorophore pair at the ends and was quantified and normalized to the sum of the substrate
of helices P4 and P2, respectively (Figure 1). Steady-stateand product bands using a Storm 840 Phosphorimager with
FRET experiments reveal the kinetics of distinct conforma- ImageQuant software (Molecular Dynamics). Error bars stem
tional changes upon substrate binding and cleavage. Theffom typically three independent cleavage assays. Time traces
observed conformers migrate as homogeneous bands in &f product formation were fit to the single-exponential first-
FRET gel shift assay, and we have analyzed their denor Order rate equatiory = yo + Ayl — e™%), employing
acceptor distance distributions by time-resolved FRET. We Marquardt-Levenberg nonlinear least-squares regression
find that the substrate complex is slightly more compact than (Microcal Origin), whereA, is the amplitude and #{ the
the free ribozyme, and that it becomes significantly extended Pseudo-first-order rate constakfps Ribozyme (Rz) and
upon cleavage and product complex formation. We discussmetal ion (M) dependencies of this rate constant were fit
these results in light of the most recent studies of catalysis to the binding equations
by the HDV ribozyme (reviewed in ré) and propose that
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the substrate complex undergoes a conformational change _ [Rz]"
on the reaction trajectory toward a product complex-like Kobs = Ketear =
L [Rz]" + Ky,
transition state.
MATERIALS AND METHODS and
Preparation of RNA OligonucleotideBNA oligonucleo- [M2H"
tides were purchased from Dhamacon Research, Inc., ob- Kobs = Kn

2+
tained from the RNA synthesis facility at the University of aX[M 1"+ KD,appn
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to yield the cleavage rate constakie,, under standard

Pereira et al.

that excited fluorescein at 490 nm by 2 ps width pulses,

conditions, the apparent ribozyme and metal ion dissociationpicked down to 4 MHz. Isotropic emission detection to

constantsKy and Kp app respectively, and a cooperativity
coefficientn (15). For the pH dependence, cleavage was
assayed in a buffer with 25 mM MES, 25 mM acetic acid,
and 50 mM Tris (pH 5.6-8.0) or a buffer with 50 mM MES,
25 mM Tris, and 25 mM 2-amino-2-methyl-1-propanol (pH
8.5-9.5) (7). The pH-dependent rate constants were fit to
the equatiorkops = Kmax/(1 + 10PKar PH 4 10PH-PKa) (21).
Steady-State Fluorescence MeasuremeSteady-state
FRET measurements of HDV ribozyme doubly labeled with

>40000 peak counts was performed under magic angle
polarizer conditions at 520 nm (10 nm band-pass interference
filter). Using a microchannel plate photomultiplier tube

(Hamamatsu R3809U-50) feeding into an SPC-630 time-
correlated single-photon counting card (Becker & Hickl),

decays were collected in 4096 channels with a time increment
of 12.20 ps/channel. An instrument response function was
measured as the scattering signal from a dilute solution of
nondairy coffee creamer to deconvolute the fluorescence

fluorescein and tetramethylrhodamine were performed on andecay data. To measure doa@cceptor distances, two time-

Aminco-Bowman Series 2 (AB2) spectrofluorometer (Spec-
tronic) in a manner similar to that of previously described
experiments15, 19). Annealed ribozyme [final concentration
of 50 nM; with an at least 2-fold (saturating) excess of
unlabeled strand A] was incubated at 25 for at least 15
min in standard buffer supplemented with 25 mM dithio-

resolved fluorescence decays were collected, with and
without the acceptor in place. The fluorescein emission decay
in the donor-only complex was used to extract the two or
three intrinsic donor lifetimes; with their fractional con-
tributionsa; by a sum-of-exponentials fit. The data from the
doubly labeled complexpa(t) were then fit with a model

threitol as a radical quencher, and was then transferred to aor distance distributions

150 uL cuvette. The substrate, noncleavable substrate

analogue, or ‘Jproduct was manually added to a (saturating)

5-fold excess, unless otherwise stated. Fluorescein was

excited at 490 nm (4 nm bandwidth), and for kinetic

experiments, fluorescence emission was recorded simulta
neously at the fluorescein (520 nm, 8 nm bandwidth) and

tetramethylrhodamine (585 nm, 8 nm bandwidth) wave-

lengths, by shifting the emission monochromator back and

forth. A FRET ratio Q (FssgFs2) was calculated and
normalized with its starting value to obtain the relative FRET
efficiency. The resulting time traces were fit, in a manner

similar to that described for the cleavage kinetics, to single-

6

R

1+

t
Ipa(t) = kaf PR a; exp{ . } drR

where the first sum refers to the number of distributions,
either one or two, each with a fractional populatfgand a
distance distributionP(R). Distance distributions were
modeled as weighted three-dimensional Gaussian functions

P(R) = 4nR’c exp[-a(R — b)?]

wherea andb are parameters that describe the shape of the

or double-exponential increase and decrease functions of thelistribution andc is a normalization constant. Fitting was

formy=yo+ A(l —e ') + ... andy =yo + Aie " + ...,
respectively, as required.

performed by nonlinear least-squares regression, &yith
and fy for each distribution as adjustable parameters. An

To derive fluorescence anisotropies as a measure foradditional adjustable parameter was a small fraction of singly

fluorophore mobility, the internal film polarizers of the AB2

labeled complex (always5%), accounting for the photo-

spectrofluorometer were utilized, and fluorescence intensitiesbleached acceptor fluorophore. Theand o; values from

at the specific donor and acceptor excitation and emissionthe donor-only decay were used under the assumption that
wavelengths were measured with excitation and emissioneach intrinsic donor lifetime is influenced independently by
polarizers subsequently in all four possible combinations of the presence of the acceptor at a distaR@ad is split into

vertical (v, @) or horizontal (h, 99) alignment,lyy, lvn, lhv,
and Inn. Anisotropy A was calculated using the following
expression Z2):

_ IW - glvh
I, + 201,

whereg = In/lhn

Time-Resaled FRET MeasurementBhe global structure
of the HDV ribozyme was studied by trFRET analysis of
ribozyme complexes doubly labeled with fluorescein and

a lifetime distribution by the distribution iR

In all cases, a single distance distribution gave a good fit,
as judged by the reducegt value (<1.5) and by evenly
distributed residuals. To extract absolute distances, a value
of 55 A for the Faster distanceR, of fluorescein and
tetramethylrhodamine was usetb), and a value of/; was
assumed for the orientation factor, based on the high mobility
of the fluorophores as is evident from their low fluorescence
anisotropies (Table 2)18, 19).

FRET Gel Shift AssayBlondenaturing gel electrophoresis
was performed in 10% polyacrylamide (19:1 acrylamide:

tetramethylrhodamine. The annealed ribozyme complexesbisacrylamide ratio), 40 mM Tris-HCI (pH 7.5), and 11 mM

(150 uL; 1 uM doubly labeled ribozyme strand B, @AV
strand A, and either GM substrate, noncleavable substrate
analogue, or ‘3product) were incubated at 2& for at least
15 min in standard buffer, prior to collecting time-resolved
emission profiles of the fluorescein donor using time-
correlated single-photon counting, which was similar to
previously described procedurels). A frequency-doubled

Mg(OAc),. Ten pmol of doubly fluorophore-labeled ri-
bozyme strand B was annealed to 20 pmol of strand A by
heating for 2 min to 70C and cooling to room temperature
in 40 mM Tris-HCI (pH 7.5), 11 mM MgGl 25 mM DTT,
and 10% glycerol. The ribozyme was equilibrated ate5

for at least 15 min prior to addition of 50 pmol of substrate,
noncleavable substrate analogue, 'qur®duct (total volume

Nd:YVO, laser (Spectra-Physics Millenia Xs-P, operated at of 10—20uL). In the meantime, the assembled electrophore-

8.9 W) pumped a frequency-doubled, mode-locked Ti:

sis unit had been equilibrated to°€ for at least 2 h, the

Sapphire laser (Spectra-Physics Tsunami, operated at 1 Wsamples were then loaded on the gel, and an electric field of
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Table 1: Cleavage Rate Constants, Activation Parameters, Metal
lon Dissociation Constants, anég for HDV Ribozyme Construct
D12

substrate S3

0.68+ 0.08 mirrt
13+ 1 kcal/mol

parameter
Keleav (PH 7.5, 11 mM Mg, 25°C)
Ea

AG* 20.14 0.1 kcal/mol

AH* 12 + 1 kcal/mol

AS —26+4eu

Kp,apdMg?") 8+ 1mM

Kp,zpd CE*) 3+1mM

Kp,apdMn?*) 54+ 2mM

pKaL pKaz 5.6, 8.9

Kon (7.84£0.2) x 1P M~ min~?
Koft 0.34+ 0.04 mirr?

aThe cleavage rate constaii.ay Was determined as described in
the text under standard conditions: single turnover, 40 mM Tris-HCI,
pH 7.5, 11 mM MgC}, and 25°C. Activation parameters were
calculated for & of 298.15 K (25°C) from the equationaG* = —RT
In(kceahVksT), whereR is the gas constani,is Planck’s constant, and
kg is Boltzmann’s constanf\H* = E, — RT, with the activation energy
E. derived from the data in Figure 2c; ards" = (AH¥ — AGH)/T.
Kp,aps Were derived from the data in Figures 2b andKsprom the
data in Figure 2d, an&,, andk.s from the data in panels ¢ and d of
Figure 4, respectively, with errors derived from typically three
measurements.

Table 2: Fluorescence Properties of Fluorescein- and
Tetramethylrhodamine-Labeled Ribozyme Compléxes

D1 D*ncS3 DH-3'P
0.013+ 0.003 0.013+ 0.003 0.013+ 0.003

parameter

anisotropy with
fluorescein

anisotropy with
tetramethylrhodamine

0.021+ 0.003 0.024+ 0.003 0.022+0.003

mean fluorescein 4.11+ 0.05 4.18+ 0.05 3.93+ 0.05
lifetime
without acceptor (ns)

mean donoracceptor 56+1 53+1 68+ 1
distance (A)

fwhm (A) 25+1 19+ 1 27+1

Vi 1.36 1.43 1.48

@ Fluorescence anisotropies and lifetimes were measured and-donor
acceptor distances derived as described in Materials and Metyfods.
is the reduced chi-square value.

6 V/cm was immediately applied. After electrophoresis for
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have to be used, which are currently limited t@0—50
nucleotides in lengthl@). Our synthetic trans-acting con-
struct D1, therefore, is composed of ribozyme strands A and
B and substrate strand S3 (Figure 1); it was derived after
screening a number of variants for optimal activity. The
ribozyme is a hybrid between the genomic form [represented
in the sequences of helicesPR4, and J4/2 (the connecting
strand between P4 and P2)] and the antigenomic form of
the HDV ribozyme [represented in P1, the closing loop of
P3, and J1/4 (the connecting strand between P1 and P4)];
substrate S3 shares the eight nucleotides at' ien8 with

the antigenomic HDV ribozyme and has a sequence upstream
of the cleavage site that was suggested in an earlier screen
for optimal substrates2d). In the design of all three RNA
strands, we utilized Michael Zuker's RNA folding software
“mfold version 3.0” @5 to avoid undesired alternate
secondary structures. To test the validity of such a construct
as a model system, we first characterized its catalytic activity
in comparison with previously characterized HDV ribozymes
transcribed in vitro.

Under standard single-turnover (pre-steady-state) reaction
conditions [trace amounts of radiolabeled substrate and a
>10-fold excess of ribozyme in 40 mM Tris-HCI (pH 7.5)
and 11 mM MgC} at 25°C (see Materials and Methods)],
we varied the ribozyme concentration between 50 and 800
nM (Figure 2a). The observed pseudo-first-order, single-
exponential rate constants were plotted as a function of
ribozyme concentration and fit to a binding equation, yielding
a rate constant for the rate-limiting step of cleavagga()
at 25°C of 0.68 min! (Figure 2a inset and Table 1). This
rate constant compares well with those of other trans-cleaving
HDV ribozymes that range from 0.1 to 0.9 mintypically
at 37°C (3, 12, 21, 24, 26).

Next, we measured the cleavage activity of D1 under our
standard single-turnover conditions (at 400 nM ribozyme
excess) but at increasing ®fgconcentrations (Figure 2b).
The observed rate constants increase substantially from 0.035
to 0.82 min! as the M@" concentration increases from 1
to 20 mM, vyielding an apparent magnesium dissociation
constant of 8 mM (Table 1). The Mg affinity of our
construct is therefore somewhat lower than that reported for

36 h, the gel was scanned between its low-fluorescence glasg, ¢js-cleaving HDV ribozymeKp app = 1 mMM) (27), but

plates in a Fluorimager Sl fluorescence scanner with Im- pigher than that of an earlier three-strand ribozyme construct
ageQuant software (Molecular Dynamics) as described (Ko.app = 40 mM) (26).

previously @3). Briefly, a 488 nm laser excites the fluores-

Next, the temperature dependence of cleavage by our D1

cein, and fluorescence is collected by a fiber optic bundle ribozyme was measured. Rate constants under standard
to be quantified by a photomultiplier tube after passing congitions increase by a factor of 5 between 10 andG7
through either a 530 nm band-pass filter (donor fluorescein) at 37 °C, the ribozyme cleaves S3 with a rate constant of

or a 610 nm long-pass filter (acceptor tetramethylrhodamine).

RNAs labeled with only fluorescein and only tetramethyl-

0.77 min!, comparable to that reported for other trans-
cleaving HDV ribozymes under similar conditions [e.g., 0.91

rhodamine were included as color calibration standards. Frommin-1 (12)]. When using Arrhenius analysis, we obtain an
the volume reports, the relative FRET efficiency of selected actjvation energyE, of 13 kcal/mol (Figure 2c and Table

bands was calculated &cceptofFaonor Defining the readout
of Fgonor @S green antFacceporas red, we superimposed the

1). The slight deviation from linearity at a higher temperature
(37 °C; leftmost data point in Figure 2c) may indicate a

corresponding color images using Photoshop 5.5 (Adobe) peginning change in the rate-limiting step, possibly due to a

to generate Figure 5a.

RESULTS

different partitioning of the substrate between cleavage and
dissociation. A similar decrease in activity at temperatures
around 40°C was observed for a previous three-strand HDV

A Synthetic Three-Strand HDV Ribozyme Has Catalytic ribozyme @6), while some cis-cleaving HDV ribozymes are

Properties Similar to Those of Other Trans-Clé&y Ri-
bozymesTo incorporate site-specific fluorophore labels into
RNA for structure probing by FRET, synthetic RNA strands

reactive up to temperatures as high as’80(4, 28, 29).
From E; andkgeay activation parameters were calculated
which reflect differences between the ground and transition
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Ficure 2: Cleavage of substrate S3 by construct D1 under single-turnover conditions. (a) Cleavage time courses under standard conditions
of 40 mM Tris-HCI (pH 7.5) and 11 mM MgGlat 25°C with varying ribozyme concentrations(f 50, (@) 100, €) 200, ) 400, and

(crossed box) 800 nM]. Data were fit to a single-exponential increase funetipto(yield the rate constanks,sreported in the inset (total

fraction cleaved of typically 77%). The inset shows the dependenkggdn ribozyme concentration which was fit to a binding equation

(—; see Materials and Methods), yieldinckgay of 0.68 mirm? (Ky, = 280 nM). (b) Observed cleavage rate const&gpisas a function of

Mg?t concentration. The data were fit to a cooperative binding equatigicgoperativity coefficienh = 1.6; see Materials and Methods)

to yield the apparent Mg dissociation constatp 4o (C) Temperature dependence of the observed cleavage rate constants. Linear regression

in this Arrhenius plot {) yields the activation enerdy.. (d) pH dependence of the observed cleavage rate constants. The data weye fit (

see Materials and Methods) to yield tw&values.

states (Table 1). The activation Gibbs energg* at 25°C evaluate our D1 construct, we performed cleavage assays in
for S3 cleavage is 20.1 kcal/mol; the activation entha\ipif the presence of increasing concentrations of eithér Ga

is 12 kcal/mol and the activation entroppAS' is highly Mn?2+,

unfavorable (as discussed below), with a value-@6 eu Under standard conditions, the cleavage rate constant
(Table 1). increases from 0.03 to 0.13 mihbetween 1 and 125 mM

pH profiles have played a key role in the discovery that C&* (Figure 3a). This is noticeably slower than for a trans-
C75/76 is a catalytic residue in the HDV ribozyme, as log- cleaving two-strand HDV ribozyme that yielded a 60% faster
linear relationships of rate constant and pH are commonly cleavage rate in Ca than in Mgt (21). However, our
interpreted as reflecting the fact that reaction chemistry is apparent CH dissociation constant of 3 mM suggests-232
rate-limiting (7, 8). To verify that our D1 ribozyme utilizes  fold tighter binding of C&" than of Mg* (Table 1).
the same reaction pathway as other HDV ribozymes, we Between 1 and 15 mM M, the cleavage rate constant
studied the pH dependence of cleavage. Indeed, the pHof S3 increases from 0.05 to 0.25 min(Figure 3b). The
profile has a similar bell shape (Figure 2d) like that of apparent MA" dissociation constant is 5 mM (Table 1),
previously characterized trans-actingl) and cis-acting similar to those of other trans-acting HDV ribozyme@4)(
HDV ribozymes ). From the pH dependence, tw&ys of Finally, we tested our D1 ribozyme il M Na", but were
5.6 and 8.9 are derived (Figure 2d and Table 1). These valuesunable to detect any cleavage activity at either pH 7.5 or
are identical, within experimental errot-0.1), with those 5.5 (data not shown). Activity in the presence of monovalent
of another trans-acting HDV ribozyme that exhibits;pand cations at low pH has been observed for a cis-acting
pKa2 values of 5.7 and 8.9, respective®1j. We note that ribozyme derived from the genomic sequen8g yet it has
these pH profiles suggest that a pH-dependent step is ratebeen absent from other HDV ribozymes that, like our

limiting for our D1 construct at low pH (belowka)) (5, construct, lack a specific three-nucleotide CAA insert
30), as well as a second one at high pH (abowe,p between P1.1 and P#&,(20).

Interestingly, the Ka1 reported for cis-acting genomic and In summary, our three-strand synthetic D1 ribozyme
antigenomic HDV ribozymes is 0.5 pH unit higher at pH behaves like previously characterized trans-acting constructs
6.1 (7—9). and therefore proves to be a valid model system for probing

The Three-Strand HDV Ribozyme Is Aetin the Presence  the conformational dynamics of the HDV ribozyme, by
of Calcium and Manganese, but Not Mamatent Cations. applying site-specifically incorporated fluorophord$®)
Besides M@", calcium and manganese have been found to  Steady-State FRET Assays.Bal Differences between
activate the HDV ribozyme2(, 27, 31, 32). To further Pre- and Postclegage Structures and Report on the Folding
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complex shows a slight increase in the level of energy
LB T T transfer from donor to acceptor (or decrease in their distance)
T 1 compared to the free ribozyme, the ribozyn8 product
x complex shows a significant decrease in the level of FRET
I (or increase in fluorophore distance). Similar results were
obtained with other closely related substrates and when the
donor and acceptor were coupled to tHeaBd 3 ends of
_ strand A, respectively (data not shown).
These results are corroborated by time courses taken upon
addition of ncS3, S3, or'B. When saturating concentrations
0 20 20 80 80 100 120 140 of ncS3 were added to the ribozyme, the relative FRET
(Ca™] (mM) efficiency increased by 9% (Figure .4b.). The pseudo-first-
(b) order rate constant for this increase is linearly dependent on
T T T the excess concentration of ncS3, indicating that the observed
increase in the level of FRET is a direct result of substrate
binding. From this dependence, we were able to extract a

=3x1mM

~ 02r 1 second-order substrate binding rate consiayaf 7.8 x 10°

£ M™% min~! (Figure 4c and Table 1), which is within 3-fold
T2 of a value previously measured for a related HDV ribozyme
=" 0.1F 1 substrate complexip).

K, ,.,=95t2mM
, app

In contrast, when adding a saturating concentratioriféf 3
to the ribozyme, we observed a fast (slightly double-
o.o0 L : L exponential) decrease in relative FRET efficiency of 33%

5 Mn] (;1?\,') 15 (Figure 4b). We estimate the rate constant to be ap-

Ficure 3: Effect of C&+ and Mrf* on the observed cleavage rate proximately 11 mir* at 250 nM 3p. .Thls rate constant is
constantkyps in 40 mM Tris-HCI (pH 7.5) at 25°C. (a) C&* dependent on the pr_od_uct concentration and therefore appears
dependence of cleavage. Fitting to a cooperative binding equationto reflect product binding (data not shown).
(—, cooperativity coefficienh = 1.2; see Materials and Methods) Next, we added a saturating excess of cleavable substrate
)éie|d3 éhe app?felm diSSOC?giO? consmm-appfor_Cazg: (g_) Mr?* S3to the ribozyme. First, a brief and subtle increase in the
D o ) S apeeee big Saualrclative FRET efficiency is observed presumaby a resul
yields the apparent dissociation constigt,p, for Mn2+. of formation of a ribozymesubstrate complex (inset of
Figure 4b). Upon substrate cleavage, which leads to rapid
Kinetics of the HDV RibozyméVe utilized fluorescence  dissociation of its 5 portion (12) and formation of the
resonance energy transfer (FRET) between a donor andribozyme-3' product complex, a decrease in relative FRET
acceptor fluorophore to probe conformational changes on theefficiency is observed with a rate constant of 0.50 Thin
reaction pathway of the HDV ribozyme. FRET is highly (Figure 4b). This value is close to the one measured in our
distance-dependent and therefore sensitive to changes irsingle-turnover cleavage assays (Table 1). In addition, the
fluorophore distance as a result of global structural changesoverall decrease in relative FRET efficiency-026% over
of the RNA that is being studied.8, 19). Strand B of our the course of 30 min is consistent with the 33% FRET
D1 construct was labeled with a Sluorescein and ‘3 efficiency decrease from direct formation of the ribozyme
tetramethylrhodamine donercceptor pair (Figure 1). Cleav- 3" product complex, as-77% of the S3 is typically cleaved
age assays comparing the labeled with the unlabeled D1during this time (Figure 2a). These observations imply that
construct gave similar rate constants and extents of cleavagehe 3 product stays bound, i.e., is not replaced by excess
(data not shown), demonstrating that the fluorophores, far substrate, a notion consistent with previous finding®).(
distant from the catalytic core, do not significantly alter the A recent study by Shih and BeehZ) reported that the'3
catalytic behavior. In all fluorescence assays, an at leastproduct has a dissociation rate constant that2¢l0 times
2-fold excess of the unlabeled A and substrate strands wasslower than that of the substrate. This mak&sagood chase
added under standard conditions (see Materials and MethodsJor probing the dissociation rate constant of the noncleavable
to ensure saturation of the labeled strand B. substrate analogue ncS3. To this end, we first formed the
The fluorescence spectrum of the assembled ribozyme isribozyme-ncS3 complex, and then addedu®! 3'P. We
shown in Figure 4a. It is characterized by the two emission observed a single-exponential FRET efficiency decrease
peaks expected for fluorescein and tetramethylrhodamine,(Figure 4d). Its rate constakdy of 0.34 min! is independent
with maxima at 520 and 585 nm, respectively. Addition of of the concentration of'B (inset of Figure 4d), indicating
a saturating excess of a chemically blocked, noncleavablethat our chase concentration is sufficient, and that active
substrate analogue of S3 (termed ncS3) leads to a slight yedisplacement (i.e., a promotion of substrate dissociation) by
significant decrease in fluorescein (donor) and increase inthe chase does not take pla88)( This substrate dissociation
tetramethylrhodamine (acceptor) fluorescence (Figure 4a).rate constant is within 4-fold of a previously reported value
In contrast, addition of saturating concentrations of just the for another trans-acting HDV ribozymd2) and, together
3 product portion of this substrate [termedP3 (8- with the substrate binding rate constdqt, defines the
GGGUCGG-3 sequence); see Figure 1] yields a strong equilibrium dissociation constalp (=ko/kon) Which equals
increase in fluorescein and decrease in tetramethylrhodaminet4 nM. Conversely, the'3roduct could not be chased off
emission (Figure 4a). Thus, while the ribozyrmibstrate its complex, even when utilizing an up toi excess of
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FiGUuRE 4: Steady-state FRET studies using 50 nM fluorescein- and tetramethylrhodamine-labeled D1 ribozyme in 40 mM Tris-HCI (pH
7.5), 11 mM MgC}, and 25 mM DTT at 25C. (a) Fluorescence emission spectra of the free ribozyme (D1), the ribezyoneleavable

substrate analogue complex (BcS3), and the ribozyme3' product complex (D+3'P), as indicated. The spectra are scaled to the same
fluorophore concentration. Fluorescein was excited at 490 nm, and the curves are the average of five spectra from the same solution. (b)
Change over time in the relative FRET efficiency of the doubly labeled ribozyme upon addition of 250 nM noncleavable substrate analogue
(ncS3), cleavable substrate (S3), bpBduct (3P), as indicated. The data set for ncS3 was fit with a single-exponential increase function

(—) to yield a rate constant of 1.61 mih(amplitude of 0.09) that is reported in panel c. The data set for S3, after a short initial increase,
gave a simple exponential decrease that pertains to substrate cleavagefnsktcfease rate constant of 0.50 mjn The 3P data set
decreases double exponentially (see the text). (c) Concentration dependence of the observed pseudo-first-order rate constant upon addition
of excess ncS3 to the ribozyme. The slope of the linear regression line reveals the bimolecular binding ratekgprisfabissociation

of the noncleavable substrate analogue from its ribozyme complex. The ribeya88 complex (50 nM, with a 200 nM excess of ncS3)

was chased with 2M 3' product, and the resulting decrease in the FRET 1@tieas fit to a single-exponential decrease function to yield

a dissociation constamts of 0.34 mim® (—). There is no significant dependence on the chase concentration (inset).

ncS3 as a chase (data not shown), indicating its significantly comigrates with the ribozyme3'P complex that shows a
higher binding affinity. decreased FRET ratio (or “green-shifted”, i.e., donor fluo-
In summary, these FRET data are consistent with a rescence-dominated band). Again consistent with the fluo-
decrease in fluorophore distance (higher FRET efficiency) rescence measurements, the ribozymeS3 complex has
upon substrate binding, and an increase in their distancean increased FRET ratio (or “red-shifted”, i.e., acceptor
(lower FRET efficiency) upon substrate cleavage, revealing fluorescence-dominated band), and its mobility is the lowest.
structural distinctions between the substrate anpr@duct These findings further support the existence of structurally
complexes. distinct pre- and post-cleavage ribozyme complexes.
A FRET Gel Shift Assay Demonstrates the Homogeneity In the lane loaded with the ribozymeleavable substrate
of the Various, Structurally Distinct Ribozyme Complexes. complex (DHS3), a band identical to the ribozym8'P
To test the homogeneity of our preparations and confirm that complex is observed, suggesting that the substrate has been
the ribozyme-substrate ane-product complexes are indeed largely cleaved and converted into ribozyme-bound 3
structurally distinct, we developed a mobility shift assay in product (Figure 5a). The result is similar when ribozyme is
which we analyzed the relative FRET efficiencies of the first run into the gel for 2 h, followed by the faster migrating
doubly labeled ribozyme complexes after electrophoresis in substrate, so that the ribozymsubstrate complex can only
nondenaturing polyacrylamide gels (see Materials and Meth-form and cleave in the gel (data not shown). These
ods). We found that the free ribozyme (D1), the ribozyme observations provide evidence that cleavage of substrate S3
3 product complex (D13'P), and the ribozymenoncleav- occurs within the native gel; hence, the ribozynseibstrate
able substrate analogue complex (BcS3) all migrate as  complex is catalytically active.
homogeneous single bands (Figure 5a). Any alternate bands Distances of the Fluorophores in the Ribozyme Complexes
had less than 15% of the intensity of the major ones (data Are Reealed by Time-Ressd FRET.While analyses of
not shown). Consistent with our solution FRET assays, the acceptor-to-donor fluorescence ratios reveal qualitative changes
ribozyme (D1) lane shows an intermediate acceptor-to-donorin fluorophore distance, we were also interested in quantify-
fluorescence (FRET) ratio (Figure 5a, bottom panel). Its band ing the underlying RNA structural changes. The decrease in
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O, virtually superimpose and vyield similar mean lifetimes
(a) O Po) 7% between 3.93 and 4.18 ns (Table 2).
O &u" ;x@ 900 As expected, the donor fluorescence decays of all three
7 Y (P (P donor-acceptor doubly labeled complexes are faster, with
l l l l the ribozyme-ncS3 complex being the fastest, followed by

the ribozyme and the ribozyme'P complexes (Figure 5b).
The anisotropies of the fluorophores in all complexes are
low and only slightly vary between the different complexes
(Table 2), suggesting that both donor and acceptor can freely
rotate. Under this assumption and usingdter theory, the
fluorophore distance distributions were analyzed (see Materi-
als and Methods), yielding mean dona@cceptor distances

of 56 A [full width at half-maximum (fwhm) of 25 A] for

the ribozyme, 53 A (fwhm of 19 A) for the ribozymeacS3
complex, and 68 A (fwhm of 27 A) for the ribozym& P
complex (Table 2). In all three cases, a single distance
distribution fits the decay data well, as judged by the
residuals and the reducegf values 1.5, Table 2);
introducing a second distance distribution does not improve
the fits, indicating a high degree of structural homogeneity
of our preparations. These time-resolved FRET data confirm
our steady-state fluorescence measurements in that the
substrate complex is slightly more compact (b8 A) than
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T T the free ribozyme, yet becomes significantly extended (by
1 ~15 A) upon cleavage and product complex formation.
. DISCUSSION
£ +ncS3 | We have shown by fluorescence resonance energy transfer
3 +3'P that a synthetic trans-acting HDV ribozyme undergoes a
© . DA-D1 global conformational change upon substrate binding and
1x10 DA-D1+ncS3 7 cleavage. This is in contrast to the previous assumption that
DA-D1+3'P the precursor, transition state, and cleaved structures are all
Ok 2 ; : alike (6, 14) and opens up a discussion on the role of
0 10 20 30 conformational changes in HDV ribozyme catalysis. Com-
Time (ns) parison of the catalytic behavior, including metal ion,

Ficure 5: Further FRET analysis of D1 ribozyme complexes in tempera}ture, and pH depender_lcies, of our construct with that
40 mM Tris-HCI (pH 7.5), 11 mM MgGl and 25 mM DTT at 25 of previously characterized ribozymes suggests that our
°C. (a) Nondenaturing gel electrophoresis of fluorescein- and ribozyme indeed represents features of HDV ribozymes in
tetramethylrhodamine-labeled complexes (see Materials and Meth-general. Specifically, its identical bell-shaped pH profile
ods). The free ribozyme (D1) comigrates with the ribozyrBe (4 e 2d) suggests that the rate-limiting steps of catalysis

product complex (D+3'P, top panel), but can be distinguished by .
its ratio of acceptor:donor fluorescence (bottom panel; error bars throughout the accessible pH range are the same as for other

were derived from three independent gel runs). The ribozyme  trans-acting ribozymes2().
Z‘;b?rt]?t?igggmg@,(%ﬁghgp%ﬁggﬁxC%ﬂﬁg'stﬁer‘drigoggsm‘zv‘?d Figure 6 summarizes our results in a refined reaction
noncleavable substrate analogue complexBds3) stays intact, ~ Pathway of the trans-acting HDV ribozyme. First, steady-
migrating slower with a higher acceptor:donor fluorescence ratio. State and time-resolved FRET _technlque_s reveal that a
(b) Time-resolved FRET analysis (see Materials and Methods). The noncleavable substrate analogue is bound with a rate constant
donor fluorescence decays of the complexes labeled with donork,, of 7.8 x 10° M~ min~! under standard conditions (pH
only (D) are contrasted with those of the doracceptor (DA) 7.5, 11 mM MgC}, 25°C), upon which the distance between

doubly labeled complexes. The ribozymeoncleavable substrate . .
analogue complex (D#ncS3) has the fastest decay, followed by fluorophores at the ends of ribozyme helices P2 and P4

the free ribozyme (D1), the ribozym&' product complex (D+3P), decreases by-3 A. This distance change is very modest,
and the complexes labeled with donor only. The decays were but consistently observed as a relative change between the

analyzed to yield the mean doneacceptor distances reported in  free ribozyme and its substrate complex in steady-state and
Table 2. They are shown here normalized to a peak count of 40 000.ie_resolved fluorescence experiments both in solution and
donor lifetime upon introduction of the acceptor allows for in nondenaturing polyacrylamide gels. Since neither the free
the measurement of their distancE8,(19). We therefore ribozyme nor precleavage ribozymsubstrate structures
analyzed the time-resolved donor (fluorescein) decay curveshave yet been characterized by high-resolution techniques,
for the ribozyme alone, the ribozym@oncleavable substrate  our findings cannot be interpreted in the context of atomic
analogue complex, and the ribozym®& product complex, resolution structures. However, it is tempting to speculate
each of them singly labeled with donor as well as doubly that the formation of helix P1 slightly shortens the substrate-
labeled with donor and acceptor (Figure 5b). The decay binding region of the ribozyme, and/or that the introduction
curves of the three complexes labeled with donor only of a helical twist leads to an angular displacement of the
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Ko =0.34 min" |:

K, =44 1M
FRET FRET
(56 A) (56 A)

FiGure 6: Schematic diagram of the minimal reaction mechanism of the trans-acting HDV ribozyme as refined by our studies. Reversible
substrate binding and formation of helix P1 cause the ribozyme complex to become slightly more compact; the level og FRET (arrow)
between a terminal donor (D) and acceptor (A) fluorophore pair increases, and we observe a single red-shifted band on a FRET gel shift
assay (shown below the schematic of the complex). After catalysis; fireduct is released (with no observable religation) and the overall
structure of the ribozyme3' product complex becomes significantly extended as evidenced by an decrease in the level of FRET and a
green-shifted FRET gel shift band. This ribozys# product complex models the postcleavage crystal structure [inset, colored in red (3
product), blue (ribozyme strand A), and green (strand B); image created with VMD 1.6]. Siowdict release allows the ribozyme to
regenerate and undergo another catalytic cycle. One possible explanation for the structural difference between the substrate and product
complexes is that helix P1.1, which forms the bottom of the catalytic cleft, may be present in the product, but not the substrate complex,
as indicated. The indicated rate and equilibrium constants were measured in 40 mM Tris-HCI (pH 7.5) and 11 mMt\2§CC.

donor-acceptor pair, resulting in the observed subtle de- to, or after substrate cleavage. In other words, FRET does
crease in their mean distance. Further studies are needed toot illuminate whether the cleavage transition state structur-

clarify this point.

ally resembles the substrate or the product complex, or is

In addition, we were able to directly observe by FRET structurally distinct from either one.

the dissociation of ribozymenoncleavable substrate ana-
logue complex at a rate constdgg of 0.34 min'?, yielding
an equilibrium dissociation constalp (Koi/kon) Of 44 NM

This latter question directly relates to our understanding
of catalysis by the HDV ribozyme. There is strong evidence
from pH titration experiments that C75/76 deprotonates the

(Figure 6). These binding and dissociation rate and equilib- 2'-hydroxyl nucleophile) and/or protonates the-bxyanion
rium constants are close to those in a related trans-actingleaving group in the rate-limiting step (i.e., in the transition
HDV ribozyme (sharing the same sequence in the substrate-state) of transesterificatio®{10). In the 3 product crystal
binding helix P1, Figure 1) that were obtained indirectly from structure, O2 and N3 of C75/76 are within hydrogen bonding

pre-steady-state substrate cleavage kinekigs< 2.1 x 107
M~ min™%, ko = 1.4 minm?, andKp = 58 nM, at pH 8, 11
mM MgCl,, and 37°C) (12). It should be noted that, with

distance of the '5OH leaving group %, 6). Therefore, it is
plausible that a C75/765'-OH hydrogen bond, or a similar
interaction, is also present in the transition state, juxtaposing

the cleavable substrate, the binary complex will not reach the catalytic base and the scissile phosphate. Given that the

equilibrium with free ribozyme and substrate prior to
cleavage, since the substrate dissociation (0.34 ¥hiend
cleavage steps (0.68 mit) have similar rates, as noted
previously 12).

substrate and product complexes are structurally distinct, as
directly observed here by FRET, we propose that the
transition state in HDV ribozyme catalysis is closer in

structure to, although not necessarily identical with, the

Second, our FRET experiments show that the end-to-endProduct cgmplex.
distance between helices P2 and P4 significantly increases Interestingly, Doudna and co-workers have been unable

by ~15 A upon substrate cleavagé,@oduct release, and
formation of the ribozyme 3' product complex. Inspection
of the cis-acting, self-cleaved Broduct crystal structures)

yields an analogous distance ef74 A, in reasonable

to detect, by site-specifittC NMR probing of the ground-

state substrate and product complexes, the substaitial p
shift that is observed for the catalytic C75/76 in the transition
state 84). This result suggests structural and electrostatic

agreement with our measurement of 68 A, despite sequencdlifferences in the local environment of C75/76 in the
differences in helices P2 and P4. The FRET time trace in transition state compared to both the precursor and product
Figure 4b is consistent with the idea that the cleavable forms of the HDV ribozyme, and is consistent with our
substrate is first bound to a complex with a decreased capture of significant structural change along the reaction
fluorophore distance, just as the noncleavable substratetrajectory.

analogue is; in a subsequent kinetic step, cleavage and Why is the substrate complex structurally distinct from
relaxation into the extended conformation of the product the product complex and presumably the transition state?
complex occur. This observation, together with our time- Been and co-workersl) have shown that the substrate
resolved FRET and FRET gel shift data of the isolated binds to the trans-acting ribozyme with significantly lower
complexes, supports the idea that the more compact structuraffinity than the 3 product, a fact that we confirmed and
observed for the noncleavable substrate analogue also formsitilized in our FRET-based measurement of the substrate
with the cleavable substrate, and that this is likely the dissociation rate constant. Inspection of the®duct crystal
catalytically active structure. Our experiments do not reveal, structure of the cis-acting ribozyme reveals that the 5
however, whether the conformational change that accompa-hydroxyl leaving group is deeply buried in the catalytic cleft,
nies product complex formation is simultaneous with, prior surrounded by C75/76 and helices P1 and P8)1Rigures
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1 and 6). The continuous stack of P1, P1.1, and P4 tion-state structure. Such a conformational change may be
undoubtedly contributes to the high thermodynamic stability expected to be pH-independent, although recently pH-
of the 3 product structure. However, it is difficult to imagine  dependent RNA conformational changes have been found
how a 3 extension of the 'Jproduct could thread out of this  (9). The pH dependence of our construct at low pH suggests
compact core without sterical clash. Such an extension may,that chemistry, and/or a pH-dependent conformational change,
for example, require a substantial change in substrateis rate-limiting for catalysis under these conditions, as was
backbone trajectory5) and/or breaking of base pairs or concluded for cis-acting HDV ribozymeg,(8). However,
stacking interactions in helix P1 or P1.1 (as suggested inthe shift in K, from 6.1+ 0.1 for cis-acting ribozymes to
Figure 6). FRET does not provide direct insight into the 5.6+ 0.1 for trans-acting ribozymes is consistent with a pH-
nature of these structural differences between the pre- andindependent conformational change becoming rate-limiting
postcleavage complexes. However, local structural rear-for trans-cleaving ribozymes at pH5.6. Alternatively, the
rangements may be substantial considering the significanttransition-state K, shift toward neutrality of C75/76 may
global structural change evidenced by FRET. be less pronounced in trans-acting HDV ribozymes.

Been and co-workers have recently characterized in more In summary, our results improve the understanding of
detail the substantial ground-state destabilization of the HDV ribozyme catalysis by uncovering a conformational
ribozyme-substrate versus the ribozym& product com- change upon cleavage of a substrate in trans. Our data lead
plex (13). In particular, they examined dependence on length to the proposal of a structural relationship between the
and composition of the substrate sequeride the cleavage  transition state and the’ product rather than the distinct
site, for which there is no evidence that it directly interacts substrate complex. They also provide a structural rationale
with the ribozyme ). The authors conclude that destabiliza- for the mechanism by which the HDV ribozyme may utilize
tion of substrate binding contributes2 kcal/mol to the intrinsic substrate binding energy to lower the activation
overall reduction of 8.5 kcal/mol in the activation free energy barrier of catalysis. Further investigations are currently
of RNA cleavage by the HDV ribozyme. Destabilized underway to support this hypothesis.
substrate binding may be evidence of an energetically
unfavorable bend in the substrate or structural disruption in ACKNOWLEDGMENT
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