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ABSTRACT: A minimal kinetic mechanism for tlans-acting ribozyme derived from the HDV antigenomic

RNA self-cleaving element was established from steady-state, pre-steady-state, single-turnover, and binding
kinetics. Rate constants for individual steps, including substrate binding and dissociation, cleavage, and
product release and binding, were measured #C3@t pH 8.0 in 10 mM M§" using oligonucleotides

as either substrates, noncleavable analoguesmoduct mimics. A substrate containing a normgb3

linkage was cleaved with a first-order rate constam) ¢f 0.91 mirmrL. The association rate constant for

the substrate to the ribozyme (24.10° M—! min~1) was at the lower range of the expected value for
RNA duplex formation, and the substrate dissociated with a rate constant (1-4 slightly faster than

that for cleavage. Thus the binary complex was not at equilibrium with free enzyme and substrate prior
to the cleavage step. Following cleavage, product release was kinetically ordered in thaptheust

was released rapidly>(12 min?) relative to the 3product (6.0x 103 min~1). Rapid 5 product release

and lack of a demonstrable binding site for th@&duct could contribute to the difficulty in establishing

the ribozyme-catalyzed reverse reaction (ligation). Slow release of gh@@uct was consistent with the
extremely low turnover under steady-state conditions'gs@uct dissociation was rate-limiting. The
equilibrium dissociation constant for the substrate was 24-fold higher than that dfdleadage product.

A substrate with a'25'-linkage at the cleavage site was cleaved with a rate constgnif(1.1 x 102

min~1. Thus, whereas cleavage of 953linkage followed a Briggs-Haldane mechanisrh52cleavage
followed a Michaelis-Menten mechanism.

Self-cleaving sequences found in hepatitis delta virus sequence identity and assume a similar secondary structure
(HDV)! liberate single copies of linear RNAs from replica- consisting of a nested double-pseudoknot f&d1().

tion intermediates in both the genomic and antigenomic The HDV ribozymes Catalyze C|ea\/age of 'a53phos_
strands 4—6). The minimal wild-type sequence for robust phodiester bond via nucleophilic attack of the adjacent 2
a-thcatalytlc-: activity Is 84 nt'and Or-]e nt 5to the Cleavage hydroxy| group on the scissile phosphorUS, generatingsa 2
site in both ribozymes7( 8). The two ribozymes share75% cyclic phosphate and d-Bydroxyl terminus %, 6). Details
of the chemical mechanism remain to be established, but
t This work was supported by NIH Grant GM47233. recent ewdgnce suggests that proton-t_ransfer mvoIvmg C_76
* To whom correspondence should be addressed. Phone: (919) 684-0f the antigenomic ribozyme (C75 in the genomic) is
2858. E-mail: been@biochem.duke.edu. important for cleavage activityd( 11, 12). Divalent metal

1 Abbreviation: HDV, Hepatitis delta virus; Tris, tris(hydroxymeth- ; i i
yl)-aminomethane; EDTA, (ethylenedinitrilo)tetraacetic acid; bp, base- ions are also required for efficient activitp{7, 13, 14)

pair; nt, nucleotide or nucleotides; PEI, poly(ethyleneimine); TLC, thin- a;nd are likely involved in C|e_aV3-9€ ChemiStrY- The HDV
layer chromatography. ribozyme can also cleave §2-linked phosphodiester bond
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by an analogous mechanism in that a cyclic phosphate isvitro transcription with T7 RNA polymerasé ). Following
generated 15). However, 25 cleavage has an altered transcription, RNA was purified by electrophoresis on a 6%
divalent metal ion preference, providing further evidence for polyacrylamide gel under denaturing conditions. RNA was
an essential role of metal ions in HDV cleavage. eluted from gel slices and passed through gel-filtration
Even though the in vivo cleavage activity of naturally columns (Sephadex G-10 for oligonucleotides and G-25 for
occurring HDV ribozymes is encoded in a single RNA mole- ribozyme ADC1; Pharmacia), ethanol precipitated, and
cule, intermolecular cleavage can be achieved by dividing resuspended in di. Concentrations of RNA were estimated

the autocatalytic sequence into two partsaas-acting ribo- from the base composition and extinction coefficients at 260
zyme and a substrate. These two sequences associate througim. RNA was stored at-20 °C, and aliquots were heated
base-pairing to reconstitute catalytic activitys(-20). Con- to 95°C for 1 min immediately before use.

version to intermolecular cleavage reactions has facilitated Ppre-Steady-State and Single-Tureo ExperimentsFor

the mechanistic and structural studies of other ribozymes (see:leavage reactions, the ribozyme and substrate were prein-
refs 21-23 for reviews). For the HDV ribozymes, the cubated in buffer 1, containing 40 mM Tris-HCI (pH 8.0)
cleavage rate constant for single-turnover has been reportechnd 1 mM EDTA, at 37C for 10 min, and the reaction was
and partial kinetic schemes have been propodeéd 24— started by addition of MgGlto yield “standard conditions”
26). However, rate constants for individual steps in a com- [40 mM Tris-HCI (pH 8.0), 1 mM EDTA, and 11 mM MgGl
plete minimal kinetic scheme have not yet been determinedat 37 °C; buffer 2]. Aliquots were taken at various time
for intermolecular cleavage. A detailed kinetic scheme would points, quenched with an equal volume of 0.1 M EDTA,
provide a foundation for further mechanistic understanding and fractionated on PEI plates1 M LiCl (15). The fraction

of HDV ribozyme catalysis. We have elucidated a complete cleaved was visualized and quantified using a Phospholmager
cleavage kinetic scheme for a HO®ns-acting antigenomic  (Molecular Dynamics). First-order rate constargsd were
ribozyme ADC1 (9) using a combination of pre-steady- obtained from data fit to a single-exponential equation (eq

state and steady-state kinetic and equilibrium binding assays.1) using the KaleidaGraph data analysis/graphics application
We find that the kinetic mechanism depends on the phos- (Synergy Software):

phodiester linkage at the cleavage site. With' & 3inked
substrate, the reaction kinetics follows a Briggs-Haldane [Pl = [Pl.(1— e7k0b5) (1)
mechanism because the dissociation rate constant for the sub- t °

strate is comparable to that of the chemistry step. However,
with a 2,5'-linked substrate, the chemistry step is extremely

slow; therefore, substrate binding is at rapid equilibrium

before proceeding to cleavage (a Michaeldenten mech-

wherekqps is the first-order rate constant; [Pand [P}, are
the fraction cleaved at timeand the end point, respectively.
At least three independent data sets were collected, and

anism). Nevertheless, the rate-limiting step for turnover with variation was 20% or less. The rep(_)rted errors in th_e text
this ribozyme is release of the Gleavage product for both are asymptotic standard errors obtained from curve-fitting.
3,5- and 2,5-linked substrates as proposed previoush) ( Pulse-Chase Experiments To Determine Dissociation and
These results provide insights into the mechanistic and Association Rate Constants of the Substrateakd k. For

biological function of the HDV ribozymes and establish a determiningk-,, excess ribozyme and a trace amount of

basis for further studies on their mechanism and applications./abeled substrate<1 nM) were preincubated in buffer 1 at
37 °C, and the reactions were started by addition of MgCl

MATERIALS AND METHODS to yield standard conditions. At tintg, unlabeled substrate

Enzymes, Chemicals, Oligonucleotides, and Plasriids.  ©F product oligonucleotide in buffer 2 was added to the
RNA polym,erase (provided by M. Puttar;aju) was purified reactions. At time;, the reactions were terminated with an
from an overexpressing clone provided by W. Stud)( e_qu.al volume of 0.1 M EDTA. Fok,, the condmons. were
Restriction endonucleases, nucleotid@®-labeled nucle- similar except the ribozyme and substrate were _prelncubated
otides, chemicals, reagents, and other enzymes were purSeparately in buffer 2 at 37C, and the reactions were
chased from commercial suppliers. HDV ribozymes were initiated upon mixing. Fractionation and quantification were
transcribed from pADC1109). Plasmid DNA was purified ~ Performed as described above. Titp@ndt, varied among

by CsCl/ethidium bromide equilibrium centrifugation. chase experiments and are specified in individual sections
Oligonucleotide SubstratesThe RNA substrates DS3 ~ Of the Resullts.
[5'UUC(3,5)GGGUCGG3, DS2 [SUUC(2,5)GGGU- Steady-State Experimen&teady-state experiments were

CGG3], and 3 cleavage product DP3 '6GGUCGGJ) carried out in multiple-turnover reactions with excess
were gifts from Ribozyme Pharmaceuticals, Inc. (Boulder, substrate to ribozyme ([S)/[El: 5) under standard condi-
CO). The noncleavable substrate analogue DSA10J8EC- tions. Reactions were initiated, terminated, and quantified
(3,5)GGGUCGG3, which contains one deoxynucleotide as described for the single-turnover experiments.
5' to the cleavage site, was purchased from Dharmacon Gel-Shift AssayGel-shift assays were used for measuring
Research, Inc. (Boulder, CO). the dissociation rate constants and equilibrium dissociation
5'-End labeled substrate RNA was prepared using poly- constants of substrate and product oligonucleotides. Nonde-
nucleotide kinase andy{*?P]ATP (19). 3-End labeled naturing gels contained 10% acrylamide (acrylamide-to-
substrate RNA was prepared using T4 RNA ligase and [5 bisacrylamide ratio of 29:1, w/w), 50 mM Tris-acetate (pH
32P]pCp (7). Labeled oligonucleotides were purified on 20% 7.5), and 10 mM magnesium acetate. The running buffer
polyacrylamide gels. contained 50 mM Tris-acetate (pH 7.5) and 10 mM mag-
Preparation of RNAsThe HDV ribozyme ADC1 was  nesium acetate. Aliquots were loaded directly to the gels at
prepared from plasmid DNA linearized witHindlll by in each time point while the electric field was applied. Elec-
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5 GEECAUC-GCAAGCU 3 were fit to a single first-order exponential (eq 1). The
%:é P2 observed rate constantk,{) were measured in reactions
3 c—e containing various concentrations of ribozyme-00 nM)
g:g‘g%ﬁé + and a trace amount of-&nd labeled oligonucleotide substrate
P1 8:% g—% g DS3 (<1 nM) (Figure 3A). The observed pseudo-f_irst-order
GIC @ B a0 rate consta_mtslqb_s) were plotted as a function of ribozyme
g“% U@ g concentration (Figure 3B) and fit to eq 2:
>c G-C h1.1
u|KE @_J _ klEly 2
° §:§ Ky 7+ [Eli
%Zg The maximum first-order rate constant at the saturating
G-C ribozyme concentratiork,, is 0.914+ 0.02 min'?, and the
ﬁ_@ P4 concentration of ribozyme at which the reaction rate is half-
% ? maximal,Ky', is 110+ 10 nM. These two parameters give
A A a second-order rate constak#/Ky', of (8.3 + 0.2) x 10°
%Z% M~% min~1. At low concentrations of ADC1 ribozyme {4
é\-:% 32 nM), the observed rate constants increased linearly with
@UG the ribozyme concentration (Figure 3B, inset). This linear

. L s q darv structure of the ADCL rib dependence gave a slope of (&50.5) x 10° M~ min~..
IGURE 1: Sequence and secondary structure of the ribozyme '
and its substrate. The sequence of trensacting ribozyme is The values oki/Ky' calculated by these two methods were

shown in outlined letters. The substrate is boxed and shown in solid N 9ood agreement. _
letters, with the cleavage site, between the third (C) and fourth (G)  The pre-steady-state parameters were also determined
nucleotides, indicated by an arrow. under substrate excess conditions. The observed cleavage
rate constants for the first-turnover (the burst rate for the
trophoresis was carried out at low current (20 mA) to prevent first molar equivalent of product to enzym®/E) were
disruption of the complex as a result of warming of the gel. measured as described above (data not shown). Under these
Gel Filtration ColumnsA centrifuge column packed with  conditions,k, andKy' were (0.934+ 0.11) mirr® and (138
Sephadex G-10 was used to measure the dissociation of thet 15) nM, respectively, which were very close to the values
5 cleavage product from the ribozyme. This procedure was obtained in the single-turnover reactions.
performed as describe@)( Partition of ES between Dissociation and Cleme To
examine the partition of the-B complex between substrate
RESULTS dissociation and the chemistry step, pulse-chase experiments
Thetrans-acting HDV ribozyme, ADC1, used in this study ~Were carried out under single-turnover conditio%)( As
(Figure 1) was derived from the antigenomic sequea&g ( outlined in Scheme 2, excess ribozyme (E, 500 nM) and a
A minimal kinetic mechanism for the intermolecular cleavage trace amount of 5*?P-labeled substrate (S*) were used in
reaction of the HDV ribozyme under “standard conditions” the partition reaction so that a maximal amount of S* was
[40 mM Tris-HCI (pH 8.0), 1 mM EDTA, and 11 mM  bound to the ribozyme rapidly. At various timés the
MgCl,, at 37°C] is summarized in Figure 2. The mechanism E-S* complex was then challenged by addition of excess
includes substrate associatioky)(and dissociation k(1) unlabeled product oligonucleotide DP3 ([P]fk]= 10),
cleavage k), and product releasdgandk,) and binding which binds to free ribozyme rapidly and inhibits further
(k_4). The approaches used in this kinetic characterization association of the labeled substrate to the ribozyme. The
of the HDV ribozyme were adapted from those used in

previous studies of catalytic RNAS,(28—30). Scheme 2

Pre-Steady-State Cleage. The pre-steady-state param- E + §*
eters were first determined under single-turnover conditions $ b
in the presence of excess ribozyme ([E]J/[S] 5). The EsS*
ribozyme and substrate were preincubated in buffer 1 at 37 t
°C for 15 min, and the cleavage reactions were started by K, K,

addition of MgC}. Aliquots were quenched with an equal
volume of 0.1 M EDTA at various time points and separated
by thin-layer chromatography (TLC). Under these conditions,
the cleavage reaction can be described by Schen3g in(

E+S*  E+P;+Ps*

chase reactions were then quenched with EDTA after chase
periodt, (30 min), allowing the bound substrate to react to

Scheme 1 completion. Control reactions were quenched with EDTA
directly at timet;. The fraction cleaved was plotted against
E+S f_'; EsS ﬁ, E+P; +Ps t; and fit to a single exponential (Figure 4). For eaglihe
k, extent of cleavage in the chase reaction was higher than that
of the control reaction, but lower than the end point of the
which the ribozyme/product ternary complex-Fg-Ps) is control reaction, indicating that a portion of the bound

disrupted by addition of EDTA and the separation process. substrate did not go on to cleave but instead dissociated from
Therefore, product release is not observable. Time courseghe binary complex. Raising the concentration of ribozyme
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Kd(s)=58 nM Kd(PS‘) >> 1 HM Kd(P3‘)=2'5 nM
2.1x10’ M min’! 0.91 min™ > 12 min”’ 0.0058 min’!
K, ks ks k, B Poap
E+S == ~—F ¢S — ‘E‘PS"P:',' E‘P;'+P5' + Ps + Py
k. ksl [k_s] - .
= 1.4 min’! 2.3x10° M min’!

Ficure 2: The minimal kinetic scheme for cleavage by ADC1 at°€7in 11 mM MgCh, 40 mM Tris-HCI (pH 8), and 1 mM EDTA
(standard conditions). E, ADCL1 ribozyme; S, substrate oligonucleotide R3SS; @leavage product;f 3 cleavage product. The equilibrium
and rate constants determined are indicated next to individual steps. Constants in brackets were not determined in this study.

A 1

O
o 08
>
o
S 0.6
c M
o 04
—
&)
(8] M
IC 02k
O 1 1 1 1 1 |
0 10 20 30 40 50 60
Time(min)
B i,
08 |
TE 06}
S
o 0.4}
S o
X
0.2
0 [ I TR SN T N
0 10 20 30
[ADC1]
0 1 1 1 1 1
0 400 800 1200
[ADC1](nM)

Ficure 3: Single-turnover cleavage reactions with trace amounts
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Ficure 4: Partitioning of the ES complex assayed by pulse-chase
experiments. Single-turnover ADCL1 cleavage reactions contained
a trace amount of substratec] nM) and ribozyme at saturating
concentration (500 nM). The control reactiod)(was quenched
with an equal volume of 0.1 M EDTA at the indicated timeég. (

The product trap reactior®) was first quenched with an equal
volume of excess product oligonucleotide DP3 at/38 at the
indicated timestf), followed by addition of an equal volume of
0.1 M EDTA after 30 min. Both sets of data were plotted against
time t; and fit to a single-exponential. The inset shows early time
points. The minimal dissociation rate constant of the substrate was
estimated from the first time point (30 s) to be 1.1 mdin

because the 55* complex might reach the maximal amount
before the first time point (30 s). However, these data
indicated that pre-steady-state cleavage did not follow a
Michaelis—Menten kinetic mechanism because the rate
constant for substrate dissociatidn4) is comparable to the

of substrate and varying concentrations of excess ribozyme U”dercleavage rate constarky). Thus, the ES complex did not

standard conditions. (A) Cleavage time courses abg (6 @),
32 (©), 64 (1), and 256 (open box with slash) nM ADC1 ribozyme
were fit to a single-exponential. (B) Observed pseudo-first-order

reach equilibrium before proceeding to the chemistry step.
In addition, the rate-limiting step under substrate subsatu-

rate constants are plotted against ribozyme concentration. The first-rating conditionsK,/Ky') is not simply substrate association

order rate constant for the chemistry sty {s 0.91+ 0.02 min?,
and the concentration at half-maximum ratg{) is 110+ 10 nM.

The inset shows the linear dependence of the rate constants on lower

concentrations of ribozyme with a slope of (250.5) x 106 M~
min~1,

to 1 uM or the chase periodtf) to 60 min in the pulse-

chase experiments gave essentially the same results (dat@e

not shown), confirming that the maximal® complex was

formed before the chase and that the chase reaction reache

completion under these conditions. The dissociation rate
constant of the substraté& () was estimated to be 1.1
min~! from the first time point (30 s) using eq 3:

[P]3Os,cha5/e[P]oc,controI = k2/(k2 + kfl) (3)

where [P}oschasdS the fraction of S* cleaved in the chase
reaction aftet; (t; = 30 s) and [P} control IS the end point of
the control reaction. This value sets the lower limit kog

(k) but a combination oky, k—;, andk,, becausé, is only
slightly slower thark_;.

Dissociation Rate Constant of the Substrdie.measure
the dissociation rate constant of the substrate, the partitioning
experiments were modified slightly. Excess ribozyme and a
trace amount of labeled substrate were used in the cleavage
action. Cleavage proceeded for timag30 s), at which

xcess unlabeled product was added to the reaction. Fol-

wing the chase periot} (15 s to 10 min), aliquots of the
reaction were quenched with EDTA. The control cleavage
reaction was carried out under the same conditions but with-
out the chase. The fraction cleaved was plotted against (
+ t,) for both the control and chase reactions (Figure 5A).
The dissociation rate constarit-() was determined in the
following two ways.

First, k_; was calculated using the end point ¢Pdf the
control and chase reactions. The extent of cleavage of the
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Ficure 5: Determination of the substrate dissociation rate constant

from pulse-chase experiments. The experiments were carried out

as outlined in Scheme 2. (A) ADC1 (0:8V) and a trace amount
of substrate were allowed to react for 30tg,(followed by either
the addition of unlabeled DP3 [cha®®)], or allowed to continue
without chase [control®)]. Reactions were quenched with an equal
volume of 0.1 M EDTA att,. The fraction cleaved was plotted
against{; + t;). The end points for the chase and control reactions
were 49 and 92%, respectively. (B) The fraction cleaved dafter
([P],, — [Pl;) was plotted against timg. The pseudo first-order

Biochemistry, Vol. 39, No. 31, 200®059

The second method of calculation makes use of observed
rate constant(,y. The pseudo-first-order rate constants of
the chasel(ps chask and control Kons contrg) reactions aftet;
were obtained from single-exponential fit to the plot of (JP]

— [P];,) against;, (Figure 5B). The cleavage rate of the chase
reaction is faster than that of the control reaction because
E-S decays via parallel pathways of substrate dissociation

Scheme 3

k/|«E+S
k\:*E+P3-+P5v

and the chemistry step (Scheme 3). The dissociation rate
constant was calculated using eq 5:

kobs,chasez k2 + k—l

in which k; is the rate constant of the control reaction
(Kobs,contrg) UNder ribozyme saturating conditions. The value
of k_; calculated by this method was £1.4 mirr ™.

k_; was also determined by following dissociation of the
E-S complex directly with a gel-shift assay using a non-
cleavable substrate analogue, DSA10, containing'-a 2
deoxynucleotide at the cleavage site. The maximal amount
(>80%) of binary complex ESinainguewas preformed under
standard conditions for 30 min and excess product oligo-
nucleotide DP3 was added to block further association of
DSA10 to the ribozyme. Decay of the EnaiogueCOMplex
was followed on a nondenaturing gel. By this method, a
lower limit for the dissociation rate constant was estimated
to be 1 min? (data not shown).

There are two possible artifacts from pulse-chase experi-
ments which could cause overestimation on the dissociation
rate constants. One is due to incomplete binding before
addition of cold product oligonucleotide DP3 at tinte

E-S

®)

rate constants obtained from the chase and control reactions wereyarying the timet; (15—45 s) and ribozyme concentration

2.1 and 0.87 mint, respectively. The substrate dissociation rate
constant calculated from panels A and B gave a value of 1.3 an
1.2 mirr?, respectively (see text).

d

chase reaction after initial substrate binding titnés pro-
portional to the partitioning betwedn and k-, according
to eq 4:
([P]oo,chase_ [P]tl,controD/[E'S]tl=
([P]w,chase_ [P]tl,contropl([s]tot - [P]tl,controb =

k/(k_y + k) (4A)
This relation is based on the assumption that all of the
substrate is bound to the ribozyme at the initial titae
However, for the ADC1 ribozyme,-515% of the substrate

was not cleaved in the single-turnover reactions. Therefore,
eqg 4A was modified as follows:

([P]oo,chase_ [P]trcontroD/([P]w,contror [P]tl,controD =
k/(k_, + k) (4B)

in which [Pl control IS the end point of the control reaction.

(500—-2000 nM) rendered essentially the same valuk_ef
Therefore ES complex formation already reached maximum
before the chase. Another potential artifact arises from the
assumption of a one-step binding mechanism. A more
complicated binding mechanism involved in basepair forma-
tion of the substrate and enzyme in P1 followed by a
conformational change (e.g., helix docking), as seen with
L-21 Scal ribozyme derived from thBetrahymenagroup |
intron 32), could result in overestimation of the overall
dissociation rate constant of the substrate (Scheme 4).

Scheme 4
Kly = kly/kl'

k,

k k'
E+S == EsS _“k'l.— (E*S) —> EsP3+P5; === E + P3 +Ps,
-1

-1

Ka=kky

However, the overestimation would only occur if thé¢ is
much slower thark-;, which is unlikely the case for the
ADCL1 ribozymes (see Discussion). In addition, the dissocia-
tion rate constant obtained from the pulse-chase experiments

The dissociation rate constant of the substrate calculated fromwas consistent with the number determined independently

this equation was 1:11.6 min 2.

using gel-shift assay with a’-2leoxy substrate analogue,
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suggesting the number determined based on a simple one- A o014
step binding kinetics was reasonable.

Association Rate Constant of the Substrdtee second- 012t
order rate constart/Ky' (8.2 x 1(f M~ min~!) was a s o1l
combination of substrate association, dissociation and cleav- g '
age k/Ky' = kiko/(k-1 + kp)], thus, the rate constant of S E. 0.08 |
substrate bindingk,, was calculated to be 2. 10' M~* 5 8 008 S =
min~L. This value was confirmed by pulse-chase experiments. o g e o
To follow accumulation of the £5 complex, relatively low L =004l 0 =
concentrations of ribozyme (but still in excess of substrate, . O o ©
[E)/[S] = 5) were used. The amount of totalFcomplex 0.02r o ©
that has formed over the interviglto t; ([E-S},-,) iS equal 0 N O l . .
to the amount of cleavage product plus the amount-& E 0 10 20 30 40 50 60
complex present at (Figure 6A and eq 6A): Time t; (sec)

[E'S]to—t1 - [P]t1 + [E'S]t1 (6A) B 0.3

Since the amount of 5 complex was difficult to follow 0.25

directly by gel-shift assays, the amount of product formed
([P]~) at the end of the chase period)(was converted to
the amount of ES complex that remained uncleaved at time
t; ([E-S],) by multiplying by a factor of k-1 + kz)/k. using
the relation in eq 4A (eq 6B):

0.2

[E*S]/ [S]iot

0.1
[E‘S]tfrt1 = [P]tl + ([P]w,chase_ [P]tl,controb(kfl + I(2)/k2 0.05
(6B)
Time dependence of the {§];,-;, for the two-step reaction, 00 50 100 150 200

as described by Scheme 1, followed a double-exponential Time t, (sec)
with two observed rate constan3}:

Kops1 ™ Ki[E] +-k_; + K,
Kops2™ KIKG[EN/(K[E] + k_; + k) (7)

The data for [ES],,—i, formation were first fit to a double
exponential equation [[S],-, = a1 exp(—kopst) + a exp-
(—kops2)], but this failed to render reasonable results due to
uncertainty of the amplitudea{ and a;). However, under

the reaction conditions used, these two rate constants were
well separatedikg,s;Wwas at least 10-fold slower thdgpss),

and at the early time points the rate constants governing the 0 S S ST
rise of [ES], and lag phase of [Rwere bothky,s: Therefore 0 20 40 60 80 100 120 140
the rate constants were determined by fitting the plot of [ADC1](nM)

[E-S],—, Vs timet; to a single exponential (Figure 6, panels _ o o

A and B), which was a close estimate fogs. The second- _Ilz_lrc]sURE 6: Determination of the rate constants for substrate binding.
e g g e experiments are outlined in Scheme 2. (A) Pulse-chase

order rate constank, of (2.0+ 0.1) x 10'M™ min™* was experiments with ADC1 ribozyme at 24 nM. The fraction cleaved

subsequently obtained from the slope of the plotkgg duringt; (O), during chase periot} (00), and fraction that formed

against [E] (Figure 6C), which was consistent with the value the ES complex during, (<), calculated as described in the text,

obtained fromkz/Ky'. The intercept of 0.73 0.09 did not were plotted as a function of timig. The observed rate constant
~ : (kobg for accumulation of the £5 complex was obtained by fitting
correspond tok; + k &~ 2.2. The discrepancy for the 8% %7 a single exponential. (B) Pulse-chase experiments with

y-intercept might result from the assumption of a single- Apc1 at low concentrations: 40), 8 @), 16 (), 24 (»), 64
rather than double-exponential fit fdtpsy Of the ES (@), and 128 M) nM. The amount of ES complex accumulated
complex. This discrepancy was also seen when we comparedvas plotted as a function @f and fit to a single exponential. (C)

a single- and a double-exponential fit to a data set generatedThe first-order rate constants obtained frpm panel B are linearly
by KINSIM simulation @4). The dissociation and association 4€Rendent on ADC1 ribozyme concentration. The slope of42.0

) ) 0.1) x 10" M~1 min~1 is the rate constant for substrate binding.
rate constants determined by pulse-chase experiments gave

an equilibrium dissociation constant-530 nM [Ks)= k_1/ Equilibrium Dissociation Constant of the Substraiée
ki for the substrate DS3. equilibrium dissociation constant of a noncleavable substrate

analogue, DSA10, was also measured directly by gel-shift
2 This interpretation is based on the assumption that tg@roxyl as;ays. A trage amoum. of -énd Iab.eled DSA10 Wa.s
group at the cleavage site is not required for promoting the tertiary Preincubated with excess ribozyme at different concentrations
docking. under standard conditions for 30 min, and th&Ecomplex
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Ficure 7: Determination of the equilibrium dissociation constants
of the substrate analogue DSA10 and th@®duct DP3. ADC1,

at varying concentrations, was mixed with a trace amount'-of 5
end-labeled DSA10 (A) or'&nd-labeled DP3 (B) under standard
conditions for 30 min to reach equilibrium. The binary complex

was separated from the free oligonucleotide by nondenaturing ge
electrophoresis. The fraction bound was plotted against ribozyme

concentration and the data were fit to eq 8, givinggeof 58 + 3
and 2.5+ 0.2 nM for the substrate analogue and@Boduct,
respectively.

and unbound substrate were separated by nondenaturing gqj,

electrophoresis. The equilibrium dissociation const&gt,

of the substrate analogue of (883) nM was determined
from the plot of the fraction of bound substrate vs ribozyme
concentration (Figure 7A) using eq 8:

[Slbound[Slior = /(1 + K¢/[Elor) (8)

This value obtained from gel-shift assays was in good

agreement with that from a competitive inhibition assay

under subsaturating conditionk; (= 60 + 4 nM) (15).
Pre-Steady-State BursBiphasic kinetics has been ob-
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Ficure 8: Multiple-turnover of ADC1 and the substrate DS3. (A)

Time courses of the cleavage reactions done under standard
conditions with 4 nM ADCL1 ribozyme and excess DS3 at @), (

(40 @), 80 (), and 160 £) nM. Molar ratio of product over

ribozyme (P/E) was plotted as a function of time and fit to eq 9,
giving a linear phase with a slope ranging from 0.0025 to 0.0053
min~1. The burst amplitude ranged from 75 to 95%. (B) Multiple-
turnover parameters of ADC1 cleavage. Cleavage reactions were
carried out with excess substrate ([S]/[E] 5) under standard
onditions. The slope of the linear phase following the buest)(

as plotted against substrate concentration and data were fit to eq
10 (solid line), giving a maximal rate constadqs; = (6.1+ 0.2) x

103 min~%, and a Michaelis constaity = 8 + 1 nM. The dotted

line represents the fit te = (A[S] + B[S]9)/(C + DI[S] + [S]®

(see footnote 5).

indicated a fast chemical conversion followed by a slow step
of regeneration of active ribozyme (Figure 8A). The burst
amplitude A) ranged from 75 to 95%, suggesting that a fairly
high fraction of the ribozyme population was catalytically
active.

The steady-state parameters were determined from a plot

served for the HDV ribozymes under substrate excess of the turnover rate constants as a function of substrate

conditions (6, 35). These cleavage reactions showed an
initial burst followed by a linear increase of product
formation. Multiple-turnover reactions with DS3 were carried

out at various concentrations of the substrate in excess to

ribozyme ([S]/[E]= 5) and fit to eq 9:

[Pl;
[Eliot

= kopd + A(L — &) ©9)

concentration using eq 10 (Figure 8B, solid line):

.=l 10
s KM + [S]tot
The turnover numbek.,, and Michaelis constanKy, were
(6.1£ 0.2) x 103 min~tand (84 1) nM, respectivelyK../
Ky = 7.6 x 10° M~ min™3).
Rate-Limiting Step for Steady-State Kinetits.determine

in which kohs kourss @ndA represent the turnover rate constant, if product release is the rate-limiting step under substrate
burst rate constant, and burst amplitude, respectively. Thesaturating conditions, the dissociation rate constants of the
data were consistent with a two-step mechanism which products were measured. Cleavage of the substrate DS3
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Tr Table 1: Kinetic Parameters of the Substrates DS3 and DS2

ko Kw' Ko/ K" Keat Km Keal K
(min™) (M) (M~tmin7Y) (min71) (M) (M~tmin™?)

DS3 0.91 110 8% 10° 0.0061 8 7.6¢ 10°
DS2 0.011 16 6.6<10° 0.0028

0.8

0.6

0.4 conditions were the same as those used for measuring the
Kq of the substrate analogue, except that the oligonucleotide
DP3 was labeled at the’-8nd (HO-GGGUCGG*pC-p)
instead of the 5end? The equilibrium dissociation constant
0 ' , , . o determined by this methodk§ = 2.5+ 0.2 nM; Figure 7B)
0 200 400 600 800 10001200 was in good agreement with the dissociation constant
Time(min) : obtained using a competitive inhibition assay (DP3, HO-
Ficure9: The dissociation rate constant of tHe@avage product. GGUC.:G.G'OH’Ki = 2.2+ 0.3 nM; data not sho_wrf).The
The binary complex of ribozyme and labeleti Boduct (EP*) association rate constarht ) of the 3 product obtained from
was allowed to form in buffer 2 at 37C for 30 in and then  the Ky andk, (k-4 = Kg/ks) was 2.3x 10f M~% min2,
challenged with excess unlabeled product oligonucleotide (chase). Kinetic Mechanism for Cleage of a 25-Linked Sub-

The labeled 3cleavage product (P*) released fromPE was vt 1 )
followed by native-gel electrophoresis. The fraction of unbound strate Cleavage of a'25-linkage at the cleavage site has

product ([Plabound[Plio) Was plotted against time after chase and been previously demonstrated with ADCIB]. The similar-
fit to a single exponential, giving a first-order rate constant of (5.8 ity in pH profiles between 'S’ and 3,5 cleavage reactions

+ 0.5) x 10 min~2, suggested that the chemistry step is rate-limiting in both
generates the '5product 3UUC>P (>P, a 2,3-cyclic cases. To further characterize the cleavage reaction with a
phosphate), and thé groduct HO-GGGUCGG3(HO-, a 2',5-linkage, kinetic parameters of ADC1 cleavage of the
5'-hydroxyl group). Previous studies argued against the 2',5-linked substrate, DS2, were determined (Table 1). DS2
possibility that the sequence t the cleavage site contrib- shares the same sequence as DS3 but containssa 2
uted to substrate bindind 9). In addition, cleavage activity ~ phosphodiester linkage at the cleavage site. For single-
of ADC1 was not inhibited by the presence of tHeEduct turnover reactions, the first-order rate constant with saturating
(10 nM to 10uM) at both subsaturating and saturating ribozyme k;) was determined to be (1.06 0.02) x 102
ribozyme concentrations (A. T. Perrotta and M.D.B., un- min~* (Figure 10A), which was 2 orders of magnitude slower
published data). Consistent with these data, we found thatthan that of the normal substrate DS3 (Table 1). Pulse-chase
5' product release was too fast to be measured with eitherexperiments were carried out to examine the partitioning of
gel-shift assays or centrifuge columr®.(The rate constant  the ES complex (data not shown). The data suggested that

[P]free/ [P]tot

0.2

of 5' product dissociation was estimated tob@.2 s from the dissociation of DS2 was much faster than the chemistry
the time for the sample to pass through (transient time) the step, and, therefore, binding of the substrate is at rapid
centrifuge column (10 s) (data not shown). equilibrium (data not shown). The second-order rate constant

The dissociation rate constant of thepBoduct ki) was (ko/Km') obtained from the fit of the plot df,ps Vs ribozyme
determined using gel-shift assays. Excess ribozymeML concentration was (6.62 0.07) x 1° M~ min~! (Figure
and a trace amount of-8nd labeled product oligonucleotide  10A; inset).

DP3 were incubated under standard conditions for 30 min  pytiple-turnover with DS2 at saturating concentrations

to allow binding to reach equilibrium. Over 85% of the 350 showed burst-kinetics but with a slope for steady-state
product oligonucleotide was bound to the ribozyme under of (2.8 + 0.3) x 103 min~* (Figure 10B). The rate of'3
these conditions. An equal volume of unlabeled DP3 (at 80 product dissociation would be expected to be the same (5.8
#M) were then added and aliquots were removed at various . 10-3 min-1) because the cleavage reaction of thé'2
time points and loaded d|re_ctly onto nondenaturing gels. The |inked substrate generates the sarhel8avage product as
fraction of the product dissociated after the chase was that for the normal substraté%). This value is comparable
corrgcteq for the unbound fraction at tlnueand'plotted to the rate constant of chemical conversion; therefore, the
against time (Figure 9). The rate constant obtained from a gyerall turnover rate is determined by a combination of two
fit to a first-order exponential was (5:80.5) x 10~ min™. steps agoks/(k: + ks) = 3.4 x 1072 min! (36), which is
This number was the same, W'gh'”. error, as the turnover consistent with the measured one. The burst amplitude of
number kear = (6.14 0.2) x 107° min™7], demonstrating  the multiple-turnover for DS2 does not simply represent
that the rate-limiting step for turnover is dissociation of the
3' cleavage product. Dissociation of thegsoduct is much +on the basis of f wors 1 “neiahb

H : n the basis or free-energy parameters rrom a nearest-neignoor
faster than that of the roduct, and therefore the kinetically model @, 2), the 3 dangling nucleotide in the RNA duplex could
preferred order for product release from th&&Ps ternary contribute to the stability of 0.4 kcal/mol (equivalent to 2-fold increase
complex is the 5product before the'Jroduct (Figure 2). in binding affinity). However, the binding constalit determined for

The equilibrium dissociation constant of thecdeavage ~ DP3 (competitive inhibition assay) and the*pCp-end labeled DP3
(gel-shift assay) were the same within error. Using only gel-shift assay,

product was also determined by gel-shift assays. The the contribution of the '3dangling cytosine to stability of the binary

complex ES was determined by comparing the dissociation equilibrium
8 The 3 product generated from ADC1 ribozyme cleavage bears a constants between the'-énd and 3*pCp-end labeled substrate

5'-OH group. Phosphorylation of thé-BH resulted in destabilization analogue DSA10. Less than 50% tighter binding was seen with the

of the EPy complex (I.-h.S., and M.D.B., unpublished data). Therefore 3'-*pCp-end labeled DSA10. Therefore, the higher limit karof DP3

the oligonucleotide DP3 weré€-8nd *pCp labeled instead of-Bnd. was 3.7 nM.
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A 0012 conditions k, = 0.91 min?) in the minimal kinetic scheme
is taken as the rate constant for the chemical conversion step.
0.01 However, an alternative mechanism with an additional
—_ conformational change prior to the chemistry step cannot
. 0.008 be excluded. In the latter case, the first-order rate constant
= 0.006 ko COL_JId pe the rate-limiting co_nformanonal change, or a
‘; ’ combination of both conformational change and chemical
2 6004 conversion, and, as a result, the rate constant for chemical
x I conversion would be even higher than 0.91 mhitdowever,
0.002 0 th.e rate constarkg'displayed a log-linear pH dependgnce
[ADC1] with a slope of 1 in the pH range of 4.5, suggesting
0 - " ' s ' ) that the rate-limiting step involves a proton transfes)( In
0 400 800 1200 addition, an identical pH profile was also observed with
[ADC1](nM) cleavage of the 'B-linked substrate DS2, even though it
B 257 has a rate constankyj 100-fold slower than that of the
normal substrate. The unchanged pH dependence suggests
2t that the observed pH profile reflects an actukl, instead
of a change in the rate-limiting steB?). If the observed,
MR represented a conformational change, a deprotonation step
— would have to be involved in this process.
E 1L The rate constant for the chemistry stég 0.91 min'?)
— of ADCL1 is slightly faster than the numbers reported for
similar HDV antigenomic-derived ribozymes which associate
051 with substrates through P1 base-pairi@g, (26). However,
this first-order rate constant is significantly slower than the
0 ‘ : : : : rate constant for self-cleavage of naturally occurring auto-
0 60 _120 18_0 240 300 catalytic HDV sequences. Depending on the sequence and
Time(min) cleavage conditions, the first-order rate constants for self-
FicURE 10: Single-turnover and multiple-turnover cleavage of the cleaving antigenomic sequences range up to 32 (8,
2,5-linked substrate DS2. (A) Reaction rate constéggyfor the 38). With the fast-cleaving forms, the rate constant for self-

2,5-linked substrate DS2 plotted against ribo,zyme concentration cleavage is~40-fold faster than that with the ADCttans:
under pre-steady-state conditions. Theand Ky, obtained from

the fit of the plot are (1.0& 0.02) x 10° min*and 16+ 2 nM, acting ribozyme under similar conditions. This significant
respectively. (B) Time course of DS2 cleavage under substrate difference might support the suggestion of a rate-limiting
saturating conditions of zM ([ADC1] = 0.14M). The data were conformational change farans-acting ribozymes. However,
fitto eq 9, giving an initial burst amplitude of 51% followed by @ the pH dependence of self-cleavage showed a nearly identical
linear phase with a slope (2.8  0.3) x 107 min™. bell-shaped profile to the one seen wittans-cleavage,

stoichiometry of the enzyme concentration, but, instead, is €xcept that both ¥, values were shifted upward about 0.5
dependent on the ratio d{zy(kz + k3)]2 (36) The measured pH unit (11, A. T. Perrotta and M.D.B., UnpubllShed data).

burst amplitude of 51% is close to the expected value of These data, together with the similar pH dependence of the
42%. 3,5- and 2,5-linked substrates 16), suggest that the

difference in the rate constants could reflect the same rate-
limiting step. It is possible that the active site in tihans
DISCUSSION acting ribozyme is less rigidly structured relative to that of
Summary of the Kinetic Mechanis#kinetic scheme for  the cis-acting ribozyme, thus slowing the reaction.
cleavage reactions catalyzed biyansacting HDV ribozyme Possibility of a Two-Step Substrate Binding Mechanism
was established by measuring individual elemental rate for the HDV RibozymeA mechanism that includes an
constants, including cleavage of the phosphodiester bond andntermediate binary complex (B) between the binding and
association and dissociation of the substrate and productchemistry step, as shown in Scheme 4, should also be
(Figure 2). In multiple-turnover reactions, the substrate binds considered for the HDV ribozyme because conformational
to the ribozyme to form the 45 complex, which partitions  change associated with substrate binding appear to be
between the chemistry step and substrate dissociation withunavoidable. However we do not see evidence for a
a relative ratio of 1:1.6k;: k-1). The portion that goes onto  conformational change with the methods employed in this
the chemistry step generates two cleavage produtengb study. The apparent rate constants for substrate dissociation
3 products). These two products dissociate from the ribo- determined by pulse-chase experiments was calculated based
zyme in a kinetically ordered pathway because the dissocia-on a single-exponential decay of theSEcomplex. If a
tion rate constant of the' product is at least Z 10° fold conformational change (e.g., helix docking) did occur, the
faster than that of the'3roduct. Dissociation of the'3  apparent dissociation rate constakgs would be ko ~
product, which is 140-fold slower than the chemistry step, k-;k—1'/(k-; + ki’ + k-;"), and the apparent binding constant
is the rate-limiting step for multiple-turnover at6 103 would be Kd/Kn') (33). Thekos would reduce tk-; if the
min—L. (E-S) complex was in a less favorable free energy state
First-Order Rate Constant of Pre-Steady-State Géepe compared to the £5 complex (i.e.k-1' > k', k-1); in that
(ko). The cleavage rate constant under saturating ribozymecase the overall stability for a enzyrsebstrate complex
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(apparent binding constart Kq) would be overestimated (29, 44, 45). For the HDV ribozyme, stronger binding of

in our experiments. However, the apparent dissociation rateE-P; relative to ES complex may also indicate that ground-
constant determined by the pulse-chase experiment was oftate destabilization contributes to catalysis. The mechanism
the same order as the chemistry stgpvhich argues against  could be analogous to the proposed mechanism for the
the possibility of a much slower forward rate for conforma- Tetrahymenagroup | ribozyme 45). In that case a magne-
tional change. On the other hand, if the §f complex is sium ion near the '3bridging oxygen of the scissile
more stable than 45 (andk,' > k-1, k-4), the dissociation  phosphodiester would be destabilizing in the ground state

and association rate constants for substrate Wouktfbl?_ due to an unfavorable interaction to the electron-deficient
k-1k-1'7ky" andkon A ky[S], respectively, with overall stability ~ 3'-oxygen; however, as negative charge develops on’the 3
for the enzymesubstrate complex ofky/Kw'). Although,  oxygen at the transition state the interaction becomes

there was no obvious biphasic binding observed in the pulse-favorable. Recently, a model for the mechanism of cleavage
chased experiments, a possible tertiary rearrangements canng the HDV ribozyme has been proposed by Nakano et al.
be omitted. (12), in which the protonated form of C75 (in genomic
Contribution of the Adjacent2DH Group atthe Cleaage  sequence, and its equivalent C76 in antigenomic), acting as
Site to Substrate Bindindhlthough theKq for the substrate 3 Brgnsted acid, donates a proton to th@%/gen leaving
was estimated from the blndlng constant of a noncleavable group. By ana|ogy to the group | mechanism, in the ground
analogue (DSA10), the number (58 nM) is in good agreement state a positive charge on C75, situated near H®ifging
with the Kd obtained fromk]_ and k—l of substrate DS3 (62 oxygen, would be unfavorab'e' but as negative Charge
nM), which were determined individually with chase experi- developed on the'Sxygen this interaction would become
ments. This suggests that the adjacer®B group at the  more favorable. The difference in the dissociation equilibrium
cleavage site does not contribute substantially to substrateconstants for substrate and product may be consistent with
binding. This was unexpected and in contrast to the ham-gch a mechanism but needs to be tested further. Recently
merhead ribozyme, where the cleavage sit®©B group we have found that the equilibrium dissociation constants

provides extra stabilization to the & complex. In that case o sypstrates with different lengths of §equence increase
a deoxynucleotide substitutiont the cleavage site weakens slightly with increasing length from 1 to 5 nucleotides

substrate binding by a factor of 2 compared to the all- gccounting for another -36-fold increase in the binding

ribonucleotide substrat€g). constant of the ES complex. This decrease in binding affinity

Significance of the Decreased Dissociation Equilibrium ¢ the sybstrates is strongly correlated to an increase in the
Constant of the Ribozyme Complexed with the Product ,ie for the chemical catalysis (I.-h. S., and M. D. B.

Rfalat'we tq the Substratd=or ADC1, the gub;trate as_sociates unpublished data).
with the ribozyme through 7 base pairs in P1 (Figure 1).

The equilibrium dissociation constant of the substrate DS3 _ Association and Dissociation Rate Constants of the
is ~60 nM, which corresponds to a binding energy@) of Substrate and Productn addition to a large difference in

10.3 kcal/mol under the reaction conditions. This number is thérmodynamic stability, the substrate and product also
close to the predicted value for an RNA duplex using free- demonstrated a difference in their association and dissociation

energy parameters from a nearest-neighbor model in 1 M rate constants. The association rate constant of the substrate

NaCl (predicted value= 10.2 kcal/mol) {, 2), suggesting ~ DS3 and ribozyme ADC1 (2.k 10/ M™* min™) is at the
that the interaction of the ‘5 complex might be simply  lower limit of the rate constant for simple helix formation
through Watsor Crick base-pairing. However, thé Geav- ~ between two oligonucleotides (1010° M~ min™) (46—
age product, which associates with the ribozyme through the51)- This value is close to that for hammerhead ribozymes
same base-pairing, showed a 24-fold decrease in its dis-With 1316 bp of substrate binding [(1-8.5) x 10" M~
sociation constantky = 2.5 nM; AG = 12.3 kcal/mol). min~?] (29, 52) but not as fast as the helix formation step of
Stronger binding of the product oligonucleotide suggests the Tetrahymenaibozyme (2.4x 10° M~ min™?) (32). The
extra stabilizing interactions in the product/ribozyme com- dissociation rate constant of a simple RNA helix is dependent
plex. From the crystal structure of thes@lf-cleavage product ~ ©n thermodynamic stability of the helixd§, 48, 50). For
of the genomic sequence, the®H leaving group is within ADC1, the rate constant for substrate dissociation (1.4 #in
H-bonding distance to the O2 (or N3) of cytosine 75 (C75) is within the range expected for this RNA duplex. However,
(C76 in the antigenomic sequencd).(The free energy  for the 3 cleavage product, the association and dissociation
gained from an extra uncharged H-bond is estimated to berate constants showed a 10-fold and 230-fold decrease,
0.5-1.8 kcal/mol 89—41), which would result in a factor ~ respectively, from those of the substrate DS3. The ratio of
of 2.3—15 decrease in the equilibrium dissociation constant. the fold decreasek/k-4 = Kqpgz)] in the rate constants is
Also, due to the highly negative electrostatic environment consistent with the higher thermodynamic stability of the
of the active siteg), the neutral 50H group of the product ~ product (24-fold). Nevertheless, the product still demonstrates
may be more stable than the negative-charged scissilea 10-fold decrease in both association and dissociation rate
phosphodiester bond. In this regard, it is important to note constants compared to the substrate. Thus, the activation
again that the 5cleavage product containing the cyclic energy for both the association and dissociation of the
phosphate appears to be bound very weakly if at all. Togethersubstrate and ribozyme is 1.4 kcal/mol lower than that of
these factors would appear favor cleavage. the 3 product, indicating a kinetically less stableshinary
Ground-state destabilizatiomZ, 43) has been demon-  complex. This kinetic instability of the-5S complex suggests
strated or proposed as a mechanism for ribozyme catalysisan intrinsically dynamic difference between these two binary
with several ribozymes, including thieetrahymenagroup | complexes in addition to the thermodynamic differences
ribozyme, RNase P, and some of the hammerhead ribozymeslescribed above.
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Mechanism for Pre-Steady-State Clage of the HDV mational change of the ribozyme after dissociation of the
RibozymeThe dissociation rate constant of the substrate is mature tRNA 8). In that study, the plot of the initial velocity
comparable to the rate constant of the chemistry step,as a function of substrate concentration exhibited a steep
indicating a Briggs-Haldane mechanism for HDV cleavage. increase at lower concentrations and obvious curvature at
According to the rate lawKy' is (k-1t+kp)/ky = 105 nM, higher concentrations. However, such concentration depen-
andko/Ky' is kiko/(k-1+k) = 8.5 x 10° M~* min~1, both of dence was not seen with ADC1 ribozym@-igure 8B).
which are consistent with the numbers determined experi- Another contribution to the lower second-order rate constant
mentally (Figure 3). This kinetic mechanism is similar to may be 3 cleavage product inhibition. The' $roduct
those observed with the RNaseTRtrahymen#28), hairpin generated from the first turnover may act as a competitive
(30), and hammerhead ribozymes [except for HAS, 62)]. inhibitor to substrate binding in the subsequent turnover.
These enzymes, however, exhibit even slower substrateTherefore, product inhibition may give rise to an approximate
dissociation relative to the chemistry step such that every 5-fold increase in appareity but not effect the observed
encounter with a substrate, the ribozyme converts it into k., Differences in the preincubation conditions may account
products before it can dissociate. for the other 2-fold difference between the predicted and

Like other small ribozymes, there have been attempts to measured second-order rate constants.
make use oftrans-acting HDV ribozymes as therapeutic Reversibility of HDV Catalysis-Does Ligation Occur?
agents %3, 54). With the HDV ribozyme, the faster substrate Ligation of linear RNA monomers to circles during HDV
dissociation could allow better discrimination against sub- replication is not yet fully understood. Unlike the ham-
strates that are mispaired to the ribozyme, because a substrat@erhead and hairpin ribozyme30( 52), the reverse reaction
forming a mismatch would be more likely to dissociate (ligation) has not been detected for either the genomic or
before proceeding to the chemistry step. Nevertheless, slowthe antigenomic HDV ribozymes. The recent struct@e (
turnover due to strong binding of thé @eavage productto  and the kinetic mechanism presented here reveal possible
the ribozyme may be detrimental for some applications.  explanations for the elusive nature of the reverse reaction in

HDV Cleavage of a 25-Linked Substrate Follows a HDV RNAs. First, there is no structural evidence for a
Different Kinetic Mechanism from the Normal Substrdtee candidate site in the ribozyme that could basepair with the
2',5-linked substrate is not cleaved by the ADC1 ribozyme sequence '5to the cleavage site. Second, the equilibrium
in the presence of Ca while the 3,5-linked substrate is  dissociation constant of the' Eleavage product is not
cleaved slightly faster in Ga than in Mg*. The change in  detectable, and the dissociation rate constant was estimated
the metal ion specificity upon simply altering the linkage at to be =12 min* using centrifuge columns. The external
the cleavage site suggested a critical metal ion binding site equilibrium «ggt) of the forward and reverse reactions can
close to the scissile phosphodiester bond for ADC1 catalysis.be described as follows:

The cleavage mechanism of the52linked substrate con- -

firms that thge chemistry step is rate-limiting under ribozyme Kg)c;t = (Kikokaky)/(k_1k_oK_3k_) = K'Q(;[Kd(PB)Kd(Pg)/ Kas)
saturating conditions, which supports the hypothesis that thej, \yhich K™ represents the internal equilibrium of the
critical metal binding is requwed for the chemistry step, not chemistry step Kok 2); Kaps), Kapa), and Kyes) represent
merely for substrate binding. The pre-steady-state Kinetics gqijiprium dissociation constants of thecieavage product

of the 2,5-linked substrate follows a MichaetiMenten 4 the pinary complex s, the 3 product, and the substrate
mechanism, in which substrate binding is at rapid equilib- 1, the free ‘enzyme, respectively (Figure 2). The equation
rium. This change in kinetic mechanism is the predicted g5 that the external equilibrium is proportional to the
outcome if the main effect of the altered linkage is to slow |4 0f Kaepsy, Kapa), andKas [i.., KapsyKapayKas], which

the chemistry step. has a upper limit of 1 M. Therefore, while presuming
Do Elemental Rate Constants Measured under Pre-Steadyha¢ the reverse reaction in internal equilibriuki does
State Conditions Describe the Steady-State Glga Mech- ¢, the external equilibrium is still limited by the extreme-

anism?A'n important' test for the minimal kinetic scheme is ly weak binding of the Sproduct to the EPy complex.
whether it can describe the observed steady-state parameters.

In multiple-turnover reactions, a burst amplitude stoichio- ACKNOWLEDGMENT

metric with ribozyme concentration was observed, represent- We thank K. P. Bjornson and T. S. Wadkins for helpful
ing the first-turnover determined by rapid chemical conver- comments on the manuscript and A. T. Perrotta for sugges-
sion. The observed maximal rate constdaf &nd apparent  tions and sharing information.

Michaelis constantKy') for the first turnover is in good REFERENCES

agreement with numbers measured in single-turnover reac-

tions. This initial burst was then followed by a linear phase, ~ - F'éier. S. M., Kierzek, R., Jaeger, J. A., Sugimoto, N.,

Caruthers, M. H., Neilson, T., and Turner, D. H. (1988)c.

corresponding to the initial rate for steady-state kinetics. Natl. Acad. Sci. U.S.A. 89373-9377.
Under k.o conditions (with saturating substrate), the rate-
limiting step for multiple-turnover is dissociation of thé 3 5 For a kinetic mechanism involved in a conformational change after

cleavage product (0.0061 mit). Nevertheless, the second- product release and prior to subsequent substrate binding, the concen-
; tration dependence of initial velocity can be described by the following

order rate constant i?r th_e_sltegdy—state ADCI1 cleavagk, equation: » = (A[S] + B[SP/(C + D[S] + [SP) (3). However, such

Ky = 7.6 x 10> M1 min™?, is 11-fold lower than that  arelation was not as clear for the HDV ribozyme because the second-
predicted from the single-turnover experimefify' = 8.3 order rate constants obtained from a fit 10 the equatiRiE = (keal

% 10° M~L min~L A similar situation has been seen with Kw:=06.1x 1M min % B/D = (kea/Km)2 =1 x 10° M"* min"%;

. Figure 8B, dotted line] do not correspond to the second-order rate
the RNase P ribozyme, where a slower second-order ratesonstants determined from single/y’ = 8.3 x 106 M~ min-%)-

constant for the steady-state was caused by a slow confor-and multiple-turnover (7.6< 10° M~! min%) reactions.
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