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ABSTRACT. The class | RNA ligase ribozyme, isolated previously from random sequences, performs an
efficient RNA ligation reaction. It ligates two substrate RNAs, promoting the attack of thgd3oxyl of

one substrate upon thé-Biphosphate of the other substrate with release of pyrophosphate. This ligation
reaction has similarities to the reaction catalyzed by RNA polymerases. Using data from steady-state
kinetic measurements and pulse-chase/pH-jump experiments, we have constructed minimal kinetic
frameworks for two versions of the class | ligase, named 207t and 210t. For both ligases, as well as for
the self-ligating parent ribozyme, the rate constant for the chemical lgfeis (og-linear with pH in the

range 5.7-8.0. At physiological pH, thé. is 100 min?, a value similar to those reported for the fastest
naturally occurring ribozymes. At higher pH, product release is limiting for both 207t and 210t. The 210t
ribozyme, with its faster product release, attains multiple-turnover fatgs-(360 min?, pH 9.0) exceeding

those of 207t and other reported ribozyme reactions. The kinetic framework for the 210t ribozyme describes
the limits of this catalysis and suggests how key steps can be targeted for improvement using design or
combinatorial approaches.

RNA ligase ribozymes were previously isolated from a A B
large pool of random sequences based on their ability to join Ve S Y T N
a substrate oligonucleotide to their owrt&minus (). These /A 8=¢ps [ e i
new ribozymes promote attack by a terminal hydroxyl of G Aﬁ:gA AU “:&i AL HE&X
the substrate RNA upon the-phosphate of the ribozyme , (!_c/,u_g ¢ & N £
triphosphate, joining the two RNAs, with release of pyro- 350,?_(!3 G:C ot S o g-a GG bi-210t
H1 . PPED “A§ A-U  A-D A= A-D
phosphate @1 , where SH1is the substrate olig"R is ¢l g5 ag G-¢ Ag
A— G—C A= U=———G—C
g(ls é—g-C-_A-G—('J C=GC-AG=C
M+ PPR—P+ PP (1) Al A £ =8 e
8L oo LS g
the ribozyme, P is the ligation product, and, BHnorganic UALU-O’CCGUC‘U SGGA‘;U—C/CCGUCEJ
pyrophosphate). Seven of these ligases have been examined AAmgepecoe A Acgopecrah
and grou_ped intp three_ 9Igsses based on secondary structure b1207 b1-2071
and ligation regiospecificity2). FiIGURE 1. Class | ligase. (A) The class | ligase promotes the attack

Of the three classes, the class | ligase (Figure 1A) hasof the 3-OH of the substrate RNA @/, outline typeface) on its
been the most extensively studied. This ribozyme promotesown 5-a-phosphate, creating a new-3¥' linkage with concomitant

a reaction analogous in three respects to a single step of€lease offﬂp])yrqghosphateblil ?nd P2 lindilcate the ﬁrtsyt tWOdF?aiVIGd
H H . _ regions o € rbozyme-supstrate compiex; lowercase type inaicates
templated RNA polymerization: an RNA-Bydroxyl attacks DNA. (B) Multiple-turnover derivatives ligate a bimolecular

the a-phosphate of a'8riphosphate, a new phosphodiester g pstrate complex @8RS, outline typeface). The 210t ribozyme

bond is formed with concomitant displacement of pyrophos- was engineered by changing the arrangement of the base pairs in

phate, and the molecules that are joined are aligned bythe P2 stem as shown (box).

Watson-Crick pairing (Figure 1A). Indeed, variants of the

class | ligase have been designed that use an RNA templatéhree to six nucleotides]. The ability of class | variants to

and nucleoside triphosphates to extend an RNA primer by synthesize RNA using the same reaction that is employed
by biological polymerases supports the idea of RNA self-

"This work was supported by a grant from the NIH. replication during the early evolution of life3(4).

* To whom correspondence should be addressed. Fax: (617) 258- The reaction promoted by the class | ligase is also uniquely
67?%53?2&0?12‘?1“;#%2”{n;lrt{i?:du'ro hosphate®® smaller of two suited for continuous in vitro evolution experiments. During
substrates (SaaaCCAGUC?, DNE)Ay bgsesplowe’rcaséfFS, larger COU“““‘?!JS eVQIUt'On' ribozymes are propagated based on
substrate (5pppGGAACACUAUACGACUGGCACCA or pppGGA-  their ability to ligate themselves to a substrate RNA before
ACGAAAUACGACUGGCACCA); EDTA, ethylenediaminetetraacetic  they are inactivated by becoming a template for cDNA

acid; MES, 2-N-morpholino]ethanesulfonic acid; BE3Y,N-bis[2- ; ; intai ;
hydroxyethyl]-2-aminoethanesulfonic acid; EPRE2-hydroxyethyl]- Syn.theSIS@' Because selection can be ma.mtamed by S|m_ple
piperazineN'-[3-propanesulfonic acid]; CHES, Nfcyclohexylamino]- serial transfer, the approach allows rapid and convenient
ethanesulfonic acid; RNase P, Ribonuclease P. sequence reoptimization following modification of selection

10.1021/bi992654u CCC: $19.00 © 2000 American Chemical Society
Published on Web 02/25/2000



3116 Biochemistry, Vol. 39, No. 11, 2000 Bergman et al.

criteria by, for example, changes to reaction conditions or ated using the bt207 plasmid and primers that produce
the nature of the substrat®)( This process is also an the desired base changes and truncations. Ribozymes were
attractive in vitro simulation of natural evolution, which may purified on 6% or 8% acrylamide/8M urea gels. RNA
provide insight into the evolution of biocatalysts. concentration was determined spectrophotometrically at 260
The class | ligase is remarkably large for a ribozyme that nm, assuming an extinction coefficient that was the sum of
emerged from random sequences. The secondary structur¢hose for the individual nucleotideS)(
of the class | ligase complexed with its substrate RNA is a  Radiolabeling of RNAsS®H was labeled using T4 poly-
nested double pseudoknot with seven stems and two criticalnycleotide kinase and?®Py-ATP. PPF'S RNAs were labeled
extended joining regions [Figure 1/). Finding such a  using F2PJo-cordycepin triphosphate and yeast poly(A)
large and complex ligase in a limited sampling of sequence polymerase (United States Biochemical) to add a radiolabeled
space suggests the existence of a very large number of3'-deoxyadenosine nucleotide to a 22-nt version of each
distinct structures of equivalent complexity and activ®y.(  substrate which lacked the-rminal A. Ribozymes were
Perhaps as a consequence of its large size, it has beemody labeled by including®fP]o-UTP in the transcription.

possible to use a combination of in vitro evolution and  Kinetic Assays and Measurement of Michaehgenten
engineering approaches to generate variants of the originalparameters All ribozyme reactions were performed in 50
class I isolate (isolate b1) that are very efficient in the self- 1\ puffer, 60 mM MgCh, 200 mM KCI, and 600uM
ligation reaction §). The self-ligation rate of one of these EpTA at 22°C. Buffers were MES (pH 5.7, 6.0, 6.5), BES
variants (construct b1207, Figure 1A) is too fast to measure  (pH 6.7, 7.0, 7.4), EPPS (pH 8.0, 8.5), or CHES (9.0, 9.5).
accurately by manual pipetting, with the reaction mostly |5 ) cases, the ribozyme was heated (2 min at80in
completed within the fis5 s ). Nevertheless, ligation rates  H,0) and then cooled (2 min at 2£) just prior to initiation
are easily measured in a multiple-turnover context, where a of the reaction. In multiple-turnover reactiof&% was added
complex of the two RNA substrates to be ligated is separatedig the ribozyme RNA before heating. Both self-ligation and
from the core of the ribozyme (Figure 1B, eq 2), allowing - myitiple-turnover ligation reactions were initiated by simul-
taneous addition of buffer, salts, an@"3o the ribozyme
SOH'PPPSE, P+PP (2) solution. Aliquots were taken at specified time points and
added to 2 vol of a stop solution (8 M urea, 100 MM EDTA).
¢ Product and substrate were separated on 20% (reactions with

each ribozyme to ligate many molecules prior to the firs
y g y P labeled SH) or 15% (reactions with labelé®?S) polyacryl-

time point. With the multiple-turnover format, a version of ; . : ! h
the ligase (variant b3210t; Figure 1B) has k.. exceeding amide gels, then quantified by phosphorimaging (Fuji BAS
1 s'—a value greater than those of other ribozymes and 2000). ) ) )
approaching those of Comparab|e protein enzyrﬁé_s ( In most S_Ingle-turnovel’ Q)_(pel’lmentQFSNa.S rad|0|abe.led

To understand the basis for this unusually high catalytic @nd used in trace quantities<{00 nM) with saturating
rate, as well as the current limits of this rate, we have amounts (usually M) of ribozyme. (Pilot experiments
constructed a minimal kinetic framework for the ligation Showed that 1 nM labeled°8 was half-saturated at 40 nM
reaction. Identifying the rate-limiting steps of the reaction fibozyme.) More than 99% of G was capable of being
and understanding the factors that change them provides digated. Rates of single-turnover reactions were calculated
basis for comparing the ligase with other characterized fromeq 3,
ribozymes and for comparing the prototype ligase construct
with new variants that emerge from continuous evolution or Fraction reacteer F (1 — e_kt) 3)
other selection experiments. These results also suggest
strategies for further improving catalytic rates and form a \wheret equals timek equals the rate of catalysis, afd
foundation for future mechanistic studies of RNA-catalyzed equals the fraction of substrate that reacts in an initial burst.
RNA ligation and polymerization. TheF, (typically 0.7) was interpreted to represent the fraction

of substrataibozyme in an active conformation. Experiments

MATERIALS AND METHODS measuring the fraction of enzyme capable of reacting were

Substrate RNAs and Ribozym@&se smaller of the two  performed similarly, except that the ribozyme (M) was
substrates ') was an RNA-DNA hybrid [5aaaCCAGUC, labeled and incubated with saturating unlabeled substrate (10
DNA bases lowercase)]. It was synthesized by standard «M).
phosphoramidite chemistry7) and purified by anion- For standard multiple-turnover experiment§fS was
exchange chromatography (Nucleopacx9250 column, radiolabeled and used with sufficient unlabelé# & ensure
Dionex). The larger substrate¥'s) for the multiple-turnover  that nearly all th&€""S was complexed. Control experiments
derivatives (5pppGGAACACUAUACGACUGGCACCA showed that a 2&M excess of S did not affect reaction
and pppGGAACGAAAUACGACUGGCACCA,; Figure 1) rates. (This use of radiolabeléd™s with saturating &
were made by in vitro transcription of synthetic DNA by allowed accurate examination of low concentrations of
T7 RNA polymerase8). Transcripts were purified on 15%  S°"PPFS complex. Reactions with highPSPPFS concentra-
polyacrylamide/8 M urea gels, taking care to exclude longer tions could also be performed using labele@" Sand
transcripts with one or more untemplated residues. The self-equimolarP?%S; in this study, the only multiple-turnover
ligating ribozyme (b%+207, Figure 1a; Genbank no. U26413) reactions in which ' was labeled were the reactions of
was transcribed in vitro from a plasmid template linearized 210t reported in Figure 3, where both substrates were at 35
with Earl. Both multiple-turnover derivatives (Figure 1b) u«M). Extended time courses showed that-8®% of the
were transcribed from PCR-amplified DNA that was gener- PP'S was capable of reacting to form product. Rates of
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multiple-turnover reactions were measured as initial rates product is unaffected by whether the ribozyme is active (E)

(<20% of the substrate converted to product). Values for or inactive (F).

keat andK, were determined by measuring the reaction rate  Simulations of partitioning experiments were done by

at least twice at each of at least fdififS concentrations,  calculating the concentrations of all reactant species after

then fitting the data to the MichaetidMenten equation using 10 s at pH 6.0 with tM E and 25 nM S and using these

a nonlinear, least squares algorithm (DeltaGraph 3.5, values as the starting point for a new simulation reflecting

Deltapoint). the changed concentrations, volume, and pH at the beginning
Preparation of Ligated Product and Determination of K of the partitioning.

for Each ProductRibozyme ComplexStandard ribozyme Note that the interconversions described by egs 14

reactions were scaled up to generate ligated product fer b1

207t and b+210t. Products were gel purified and added to E<=F (11)

the ribozyme reactions witf""S, prior to the 80°C

incubation. TheK; for each was determined from the best ES=FS (12)
fit to eq 4. EP— FP (13)
= [SIKeat - @ El < FI (14)
[S] + (Km(l + f)) ER< FR (15)

I

are absent from our model.

This simplification is justified if there are no significant
changes in the equilibrium between active and inactive
enzyme conformations upon binding substrate or if the
interconversions are slow relative to the duration of the
experiment. The slow reaction rate observed for the second
phase of the self-ligation reaction suggests that the inter-
conversion does in fact take much longer{&D min) than
The longest partitioning experiments reported here (2 min).

pH-Jump Partitioning ExperimentRibozyme (1«M) and
labeled S"PPRS complex were mixed in reaction buffer at
pH 6.0. The low pH slowed catalysis such that only 24% of
the $"PPFS reacted in the first 10 8PS was radiolabeled
and included at trace concentration25 nM), and SH was
kept at 25«M, well above saturating concentration. At these
concentrations, the majority of the®$°PRS complex is
bound, and substrate dissociation rates reflect the dissociatio
of the HPPRS complex from the ribozyme. After 10 s at
22 °C, the reaction was mixed with an equal volume of a RESULTS
solution that increased the pH to the desired value—<6.0 ) - )
8.0). Each experiment was done with and without a substrate Chemical Step ¢xIs Rate-Limiting at Low pHAs with
chase that added unlabele@"SPRS complex to a final many prqteln—catalyzed reactions, _rlbozyme reactions are
concentration of 2&M. Parallel experiments were done for ©ften limited by product dissociation or conformational
each pH in which the unlabele®$PPRS complex was mixed changes rat_her than iy, the rate constant fqr the_ chemlcal
with the labeled 8*PPRS complex before starting the transformation 11—16). For anzyme reactions involving
reaction. phosphoryl transfer, the attacking hydroxyl typically needs

Computer Simulation of pH-jump Partitioning Experi- (0 Pe deprotonated durink.. Therefore, examining the
ments Data obtained from the partitioning experiments were nflueénce of pH onkey is useful for investigating whether
compared to simulated experiments done using the programkc’ the step involving chemical transformation, might be rate

KINSIM (10). Reactions were simulated using eqs1®, limiting (12, 15, 17—20). _ _
The influence of pH on reaction rate was tested using the

E+S—=ES—=EP—=E+P (5) single-turnover version of the class I ligase. The analysis of
these data was complicated by the fact that the ribozymes
E+l—=El<ER<E+R (6) in a given preparation had nonuniform activity. Experiments
using radiolabeled ribozyme and unlabeled substrate showed
F+S<=FS (7) that there were three populations of self-ligase ribozymes
i i 1 0,
FipeoFp (®) (unpublished data). At pH 8.0, the major fraction (70%)

reacted within a 5-s burst. A minor fraction (15%) was
Fil|eoF ©) inactive,l which can be gxplained at_ Ie_ast in part by Iqs; of
the B-triphosphate during transcription. The remaining
F+R<FR (10) fraction (15%) reacted, but at a slow rate, reaching a plateau
only after 36-60 min. We suggest that this very slow-
where E= enzyme, S= labeled substrate, B labeled reacting fraction is trapped in an inactive conformation, and
product, I= inactive substrate and unlabeled chase substrate the additional time needed reflects the slow interconversion
R = unlabeled product, and £ inactive enzyme. between inactive and active conformations. Although this
Equation 5 is essentially the mechanism shown in Schemefraction does eventually form product, its reaction rate is
1 (neglecting pyrophosphate release, which is very fast), andsufficiently slow to be grouped with the inactive fraction;
egs 6-10 duplicate the mechanism so that inactive and active all rates reported in this study reflect those of the fast-reacting
versions of both ribozyme and substrate can be consideredraction.
independently. The rate constants presented in Scheme 1 are At pH <7.0, self-ligation rates were slow enough to be
those that fit the data using the simplest model, wherein the measured accurately by manual pipetting (Figure 2). In the
reverse reaction is negligible and binding of substrate and pH range 5.7 7.0, self-ligation activity was log-linear with
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Ficure 2: Class | self-ligation. Representative time courses are
shown for self-ligation of the 207 construct at pH 54),(6.0 (0),

6.5 (v), 7.0 (), and 8.0 ©). Radiolabeled substrate<{ 00 nM)
was incubated in reaction buffer with/M unlabeled ribozyme.

Bergman et al.

pH. Indeed, at pH<7.0, the rates of both the 207t and 210t

reactions closely matched the rate of self-ligation. Thus, the
break in the RNA chain engineered to convert self-ligation
to multiple-turnover (Figure 1) does not compromise the
activity of the ligase.

The suggestion of a rate-limitirig at a phosphate diester
can be corroborated by observing an elemental effect when
one of the nonbridging oxygens is replaced with sulff;,
22). For the class | ligase, thio effects are most conveniently
examined using the primer extension form@tgnd the two
o-thio-GTP diastereomers. In this format, the thio effect
matches & substitution) or exceeddR¢ substitution) the
expected elemental effect (M. Glasner, C. Yen, E. Ekland,
D. P. B., manuscript in preparation). Thus, given the pH-
rate profiles together with this apparent elemental effect for
the class | ligase in the primer-extension format, it is
reasonable to conclude thatis rate-limiting at low pH. As

Each curve indicates the nonlinear, least-squares best fit to eq awith other ribozymes, the critical deprotonation during the

using anF, of 0.7.
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Ficure 3: The pH dependence of ligation. The rates shown are
those of 207 ©), 207t (), and 210t A). The 207 rate constants
are for single-turnover, self-ligation reactions, as shown in Figure
2. Multiple-turnover rates under steady-state conditions were
measured for 207t using 1M radiolabeled™™"S, 12uM S°H, and

25 nM enzyme. Multiple-turnover rates for 210t were measured
using 35u4M PPRS, 35uM radiolabeled SH, and 25 nM enzyme.
Each rate is the average of at least two independent measurement
kobs approximates.,: in most cases, except for 210t above pH 7,
where the increasini§,, made saturating concentrations of substrate
difficult to attain. The line is log-linear with a slope of 1.0. Control

chemical step is most likely that of the attacking hydroxyl
of the substrateld, 15, 17, 22).

Product Release Is Rate-limiting at High ptbove
neutral pH, the 207t construct did not maintain log-linear
behavior (Figure 3). The 207t and 210t enzyrsebstrate
pairs differ only at three base pairs within the P2 helix, the
helix that plays a major role in substrate and product binding
(Figure 1B). Because the 207t P2 helix is predicted to be
somewhat more stable than the 210t heb\Gs» = —1.3
kcal/mol in 1 M NaCl 23)], the 207t ribozyme would be
expected to have a slower product dissociation rate constant.
Therefore, the simplest explanation for the divergence of the
pH profiles for these two constructs is that product dissocia-
tion becomes rate limiting ak; increases. Since the rate
constant for product dissociation is expected to be slower
for 207t than for 210t, the break in the pH-rate profile should
occur at a lower pH, and the pH-independent rate constant
should be slower, as observed.

Varying pH between 6.0 and 8.0 generally has little
influence on RNA structure. The titration of moieties within
this range would require a dramatic, though not unprec-
edented Z4) perturbation in K, (nearest fs of nucleo-
tides: cytidine N, 4.5; guanosine N 10.0; uridine N, 10.1;
ref 25). Therefore, it would be surprising if the rates of
product dissociation or ribozyme conformational transition
Jere influenced by pH changes within this range so as to
c¢onfound interpretation of our results. However, it should
be noted that they-phosphate of°PS is expected to
deprotonate within this rangeKpof the y-phosphate of ATP

experiments showed that at representative pH values the identity= 6.8). They-phosphate is in the vicinity of the catalytic

and concentration of the buffer did not noticeably influence
observed rates (data not shown).

pH, slope= 1.0 (Figure 3, circles). The direct correspondence
between the hydroxide ion concentration and the reaction
rate indicated that a single deprotonation is rate limiting and
suggested a rate-limitink at low pH.

The effects of pH on the reaction rate of two multiple-
turnover derivatives, 207t and 210t (Figure 1B), were also
examined. Both substrates were at concentrations 21
uM, well above theKq of the P1 helix, allowing the substrate
pairs (¥ andPPRS) to be treated as a unimolecular substrate
complex (S"PPFS in eq 2). As with self-ligation, multiple-
turnover ligation at pH<7.0 was log-linear with pH, slope
= 1.0 (Figure 3), again suggesting rate-limitikgat low

site, and its deprotonation might influence catalytic rate. A
transition in the pH-rate profile for both constructs near pH
6.8 would have suggested the importance of this deproto-
nation. However, the 210t profile had no transition in the
vicinity of pH 6.8 (Figure 3); if deprotonation of the
y-phosphate is truly relevant, itskp would have to be
perturbed by over 2 units. It is interesting that the 207t rates
accelerated again above pH 8.0. This could be explained by
increased product-dissociation rates as multiple moieties
involved in product binding began to deprotonaé)(
Steady-State Parameters 4k Km, and K). To better
understand the influence of pH on the multiple-turnover
ligation reactions, MichaelisMenten parameters were de-
termined for the two constructs at two extreme pHs, 6.0 and
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Table 1: Michaelis-Menten Parameters for Ligase Ribozymes A B
b1-207t b1-210t 3 3
Keat K Keat Km 2.5 2.5+
(min™Y) (M) (min™Y) (M) » c »
pH 6.0 3 0.22 3 4.2 " |
pH 8.0 16 0.23 140 7.8 B8 1.5
pH 9.0 35 15 360 25 N .
9.0, as well as at pH 8.0, the pH of the inflection point of 0.5 0.54
the 207t curve (Table 1). At low pH, the,s reflected the 0 0
rates plotted in Figure 3, as expected, given that the 0 05 1 15 2 0 5 10 15 20
concentration of $*PPFS was at least 10-fold above the pH Substrate [uM] Substrate [uM]

_6 KmS. However, theKr_“ for both constructs significantly Ficure 4: Inhibition of ligase by product. (A) Product inhibition
increased with increasing pH, such that the 29t pH 9 in the 207t reaction. Ribozyme (25 nM) was incubated at pH 6.0
(25 uM) approached the substrate concentration used inwith S°" (4 xM) and the indicated concentration Bf*S. Rates
Figure 3 (35uM). Therefore, part of the plateau observed shown are those with no added produg),(150 nM product ©),

for 210t rates at high pH (Figure 3) can be explained by and 600 nM productA). The line through the points measured

. d sub - ded f ffecti ib with no added product is the best fit to the Michaelldenten
increased substrate concentrations needed for effective ri O%quation, and indicateskas of 3 min—t and aky, of 220 nM. The

zyme saturation. other lines show the rates expected with these Michaslisnten
There are several explanations for the remaining deviation values and &; of 230 nM (eq 4). Error bars indicate the standard
of 210t rates from log-linear behavior. Complete deproto- deviation of =2 independent measurements4( for uninhibited

; P ; data set). (B) Product inhibition in the 210t reaction. Ribozyme
nation of the attacking 'shydroxyl would produce this (25 nM) was incubated at pH 6.0 WithoS (25 M) and the

deviation, but this would require &gshift of ~3 units (from indicated concentration d"/S. Rates shown are those with no
12.4 t0<9.0). Similarly, it is difficult to rule out deproto-  added productr{) and 154M product ). The line through the
nation at other sites that interfere with the chemical sé&p ( points measured with no added product is the best fit to the
Nevertheless, we favor the possibility that, as with the 207t Michaelis—Menten equation, and indicatesa, of 3 min* and a

. . . Km of 4.2 uM. The other line is the best fit to eq 4 using this:
ribozyme, k. remains pH dependent, and the plateau arises andKy, and indicates &; of 12.8uM. Competitive behavior was

from a change to a different rate-limiting step, i.e., product confirmed for 207t. Error bars indicate the standard deviation of
dissociation. >3 independent measurements.
To supplement the MichaelidMenten constants listed in

Table 1 and to more accurately assess product binding, the>cheme 1

inhibition constantk;) for the product of each ribozyme was 207t enzyme

measured. Because in each case the inhibition was competi- Ke 0.14 uM 375 mint (oH 8.0) K, 0.22 uM

tive, Ki equals theKy of the product (0.23M for 207t, 13 7x107 Mimint 375 min? (pH6.0) fast 16 min’

uM for 210t) (Figure 4). Studies of model RNA helices f fo ks N
predict that the two produgtbozyme helices would differ ~ £*SS— — ES$ EPpp BP— F*F
by 1.3 kcal/mol, corresponding to a 9-fold difference in 10 min’ 710 M min®

affinity (23). The measured difference in product-binding
affinities between 210t and 207t was 6-fold more than that and 8.0. This modeling built on the notion thatis rate
expected, and it is intriguing to consider the possibility that, limiting at low pH and that the product-dissociation rate
in shuffling the three base pairs that distinguish the two becomes limiting at higher pH. It initially assumed that pH
enzymesubstrate complexes (Figure 1B), we disrupted a changes from 6.0 to 8.0 did not significantly change the
tertiary contact that favors enzyrsebstrate/product binding. ~ @ssociation or dissociation rate constants of substrates or
Despite this difference between the two ribozymes’ the products. Subsequent experiments confirmed the vaIidity of
overall picture of product affinity largely matches that this assumption. The elemental rate constants determined by
predicted from the simple formation of the P2 helix. The this modeling and refined in subsequent experiments are
predictedAGS of helix formation is 8.7 and 7.4 kcal/mol ~ shown (Scheme 1).
for the 207t and 210t, respectiveln[iL M NaCl, including Pyrophosphate Binding and Pyrophosphorolysighe
—2.5 kcal/mol as the contribution of the A:A mismatches at reverse of ligation (cleavage with PRrming a triphosphate)
both ends of the helixX23, 27)]. TheK;s correspond taG°s has been detected using the primer-extension foriBjt (
of 9.0 and 6.6 kcal/mol for 207t and 210t; both are within 1 where the cleaved product can dissociate before religating
kcal/mol of the predicted values. The P2 helix is somewhat (M. Glasner, C. Yen, E. Ekland, D.P.B., manuscript in
removed from the site of chemistry; for catalysis, there must preparation). This pyrophosphorolysis reaction is very inef-
also be ribozyme contacts to the ligation junction. How could ficient (kea/Km™® = 0.013 M1 min~1). It is not saturable by
essentially all the product binding be explained by the soluble amounts of RPndicating that theK,,\" exceeds 1
formation of the P2 helix? One possibility is that additional mM. Assuming that the rate constant for pyrophosphate
contacts that favor substrate/product binding are offset by associationK_s) is comparable to association constants of
contacts that destabilize the substrate/product without de-other small-molecukenzyme interactions ($6-10° M~!
stabilizing the transition state, a known catalytic strategy of min~%; ref 29) and thatk,,°"® = K%, then the lower limit
the group | intron 28). on theK,™R can be used to calculate a lower limit for rate
Minimal Kinetic Framework for 207fThe 207t ribozyme constant for pyrophosphate releagg) ©f 10> min~t (10°
reaction was modeled using the steady-state data at pH 6.0M~* min~* x 1 mM). Thus,ks is denoted as “fast” in our
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kinetic scheme. The inability to saturate;Rihding pre-
cluded determination of the rate constant for the reverse of
the chemical stepk(,), although inefficiency of the reverse
reaction allows pyrophosphorolysis to be neglected when
determining the remaining elemental rate constants.

Rate Constants for Dissociatioik,) and Association of
Product (k-4). Although the measured, for the 207t
ribozyme at pH 8.0 was only 16 mify the rates measured
for the 210t ribozyme suggested that the chemical dtgp (
for these ligases was much faster, exceedingdfign s.0)0f
210t (140 min?; Table 1). With this model, product release
was by far the limiting step under these conditions kso
closely approaches the,: (16 min1). Because the observed
product inhibition was competitive, it follows thit = K,
and thusky/K; = rate constant for product associatidn 4
=7 x 100 M~ min%,

Rate Constant for the Chemical Step.(Khe rate constant

Bergman et al.

of the initial burst corresponds to the ratio of the rates at
which the two outcomes occuk(k-1). By changing the pH
(from 6.0 to 8.0), this ratio was measured at five different
k.'s, allowing measurement of substrate dissociation under
a wide range of catalytic efficiency (Figure 5).

The results of the partitioning experiments were compared
to those predicted using the chemical kinetics simulation
program KINSIM (0). We observed that the data did not
match the simplest model, which assumed that all of the
ribozyme was in an active conformation (Figure 5, dashed
lines). Instead, they fit well to a more complicated scheme
in which 30% of the ribozyme was inactive yet could still
bind substrate (Figure 5, solid lines). The two models are
best distinguished at high pH, where the actual burst height
was only 70% of that predicted by the simplest model.

Examination of the control reaction, which had a pH jump
but not a chase of unlabeled substrate, further supported the

for product release is assumed to be constant throughout the:onclusion that only 70% of the enzyme existed in an active

pH range 6.6-8.0, so thek, of 16 min'! was used in the
formulakcat(pH 6.0— (kc(pH 6.0) X k4)/(|(c(p|-| 6.0)+ k4) to calculate
the rate constant for the chemical step at pH 6.0 (3.75%in
Because the rate of chemistry is log-linear with pH in this
range, thekepn s.0)can be extrapolated to 375 min The

conformation. If all of the ribozymes were in an active
conformation and the catalytic step was significantly faster
than the rate of substrate dissociation, all of the substrate
would be converted to product very quickly (within the first
second). If, however, a significant fraction of inactive enzyme

extrapolation is reasonable because catalysis at a rate of 36@xisted, then there would be a corresponding fraction of
min~* can be observed directly for the 210t ribozyme at pH sypstrate that was not converted to product as quickly,
9.0 (Table 1), and thus there are not likely to be intervening reflecting either the time necessary for the substrate complex
conformational steps to consider. to dissociate from an inactive enzyme and bind an active
Rate Constant for Substrate Associatioy) @nd an Initial molecule or the time for an inactive & complex to convert
Estimate of the Rate Constant for Substrate Dissociation to an active conformation. The results showed that although
(k-1). Under conditions where [S] is well below tlg, and most of the substrate reacted very quicklyl(s), a small
the chemical step is both essentially irreversible and much but significant fraction needed more time to react (Figure 5,
faster than substrate dissociatigy/Kr, is equal to the rate pHs 7.0, 7.5, and 8.0). These data are inconsistent with a
constant for substrate association. These conditions hold formodel in which the ribozymes were uniformly active (Figure
207t at pH 8.0. The rate constant for substrate association5, dotted line) and better match a model in which 30% of
(ka) is thus given b¥Keat(p 8.0fKmpH 8.0y= 7 x 10° Mt min~™, the ribozymes existed in an alternate, inactive conformation
The rate constant for substrate dissociatian;)( can be (Figure 5, solid line).
calculated by eq 1620), assuming kinetic Scheme 1, and  gjng the refined model in which 70% of the ribozymes

are in an active conformation, we found that the rate of
—K [ky (ke + k)] _ substrate dissociatiok(;) was 10 min* throughout the pH

m k, range tested. This supported our earlier assumption that
binding of substrate (and product) was not significantly
affected by pH changes within the range of pH& Using

k-1 =10 mintandk; = 7 x 10’ M~ min~1, the calculated

Kg Ko (16)

yields an initial estimate of 15 min.

Measurement of Substrate Dissociation Rate Constant .
(k-1) and the Ribozyme-Specific Adty. To refine the initial Kq of the ES complex is 0.14M.
estimate ofk_;, we measured this rate constant with an It should be noted that our favored model assumes that a
experiment in which a trace amount of radiolabeled substrate ribozyme in an inactive conformation is essentially unable
enzyme complex was subjected to a pH jump in the presenceto promote ligation, yet binds substrate with the same affinity
of a large excess of unlabeled substrate. This also allowedas does a ribozyme in the active conformation. It also
us to test our initial assumption regarding the pH indepen- assumes that the equilibrium between inactive and active

dence of substrate binding between pH-6800. Such a test
was important because interactions involving tFH&S
y-phosphate (K. = 6.8) might have made substrate dis-
sociation pH-sensitive over this range.

With the pH jump, a burst of product was observed,
reflecting the amount of product formed as the preformed
E-S complexes partitioned into eitherfE(at a rate equaling
k) or E+ S (at a rate equaling-1). Further radiolabeled

conformations is unperturbed by binding of substrate or
product. We propose that this is the simplest explanation
for the data observed in the pH jump-partitioning experi-
ments, as they are difficult to explain in any other way
without invoking a complex relationship between pH and
substrate affinity.

The presence of an inactive enzyme fraction made neces-
sary the minor adjustment of the other individual rate

product formation was much slower because the presenceconstants. For clarity, all rate constants reported in this study
of the unlabeled substrate chase prevented most of thehave been corrected for this lowered ribozyme specific
enzyme from binding free labeled substrate. The magnitudeactivity.
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Ficure 5: Measurement of substrate dissociation rate constants and enzyme specific activity by pH-jump partitioning experiments. Each
panel shows three separate time courses. The pH-jump partitioning experidhgnisre performed as follows: Ribozyme (M) and

labeled S™PPFS complex were mixed in reaction buffer at pH 6.0. After 10 s, the reaction was mixed with an equal volume of a solution
that increased the pH to the desired value {@®M) and added unlabeled®&PFS complex to a final concentration of 20M. Control
experiments with no substrate chasg (vere performed in the same way, except that the chase solution raised the pH without adding any
unlabeled S"PPFS complex. For the control experiment with no pulse of labeled subs@tehe unlabeled $*PPRS complex was mixed

with the labeled 8"PPFS complex before starting the reaction. The solid lines through each set of points show the expected accumulation
of product in an experiment simulated using the rate constants shown in Sché&me=110 min ) and assuming that 87% of S is active

and 70% of E is active. The dashed line in each panel represents a partitioning experiment simulated assuming 87% active S and 100%
active E, where rate constants were adjusted from those in Scheme 1 to account for additional dgtiwedE7 (x 10’ M1 min2, k_;

=10 min?, k, = 2.3 mimt at pH 6.0k, = 230 min! at pH 8.0,k = 0, ky = 11 min'%, andk_4, = 4.7 x 10" M~1 min~1). The dotted

line in each panel represents a experiment simulated without a substrate chase, assuming 87% active S, 100% active E, and using the same
adjusted rate constants as for the dashed line.

DISCUSSION appears to be the major obstacle to improving the overall
catalytic rate of 207t. Product release limiting the overall
catalytic rate has been observed in other ribozymes and might
be expected given that most known ribozymes (derived both

The 207t kinetic framework (Scheme 1) suggests the
following view of ligation (at pH 8.0). The ribozyme
molecules fold into either active or inactive conformations e )
upon addition of buffer, salts, and®$ Although there are ngturally and art|f|C|a_IIy) were evolved to perform precise
as yet no measurements of the rate of this folding for the Single-turnover reactions.
multiple-turnover constructs, we suggest that it takes place The 210t ribozyme, which differs from its parent (207t)
quickly (<1 s) because there is no observed lag in product by the rearrangement of three base pairs, catalyzes the same
formation during self-ligation, even with time points as early reaction with a much highekeap .0) (140 mim® vs 16
as 5 s (Figure 2). The majority of the ribozyme molecules min~?). We can model a similar framework for the 210t
quickly finds an active conformation and reacts in a rapid reaction (Scheme 2) in order to more completely describe
burst with ak. of approximately 375 mint. After ligation, this ribozyme’s activity and the differences from its parent.
product is released at a rate of 16 minThis final step Michaelis—Menten parameters and produ&s were mea-
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Scheme 2 strate, necessitating high substrate concentration to observe
210t enzyme the high multiple-turnover rate. Therefore, this strategy is
Ky 42 M 500 min' (oH 8.0) K13 0 expected to falter at the point that the binding mutants begin
2.7 X107 M min? 3min"! (pH 6.0) fast 270 min”" to affectk; or the high concentration of RNA substrate begins
fa e o f to inhibit the ribozyme. At low Mg" concentration, RNase
E+SS——"FESS E-Ppp BP——E+P P RNA has & 0f 37 mint (30, 31) and should be able to
84-290 min’ 2x107 M min’ exceed 100 mint with lowered NH™ concentration (J. Kurz

and C. Fierke, personal communication). The 210t ribo-
sured as with 207t (Table 1), and the reaction was modeledzyme’s ability to catalyze its reaction witkapn 9y = 360
as follows, using the insights from the 207t reaction. min~! shows that ribozymes can perform multiple-turnover
Rate Constant for the Chemical Step)(Khe 210tk at reactions on RNA substrates without severe limitation by
pH 8.0 (140 min?) suggested a very fast rate of product product release. Two factors contribute to the fast catalytic
release, sk. at pH 6.0 must be very close to they (3 turnover of the 210t ribozyme at pH 9. First, tkeis very
min~1). This value fork, agreed well with the corresponding  fast, probably exceeding 1000 min Second, the ribozyme
rate constant from the 207t reaction. As discussed earlier,binds its substrate at least as tightly as it binds its product.
the changes made between the two ribozymes did notThe 210t appears to bind substrate slightly (3-fold) more

significantly affect the chemical step. tightly than it binds product (compare substrd€g and

Rate Constants for Dissociatiofks;) and Association of  productK; in Scheme 2), allowing high multiple-turnover
Product(k-4). Using the measurekl,: and calculatedk. for rates to be observed at somewhat lower substrate concentra-
the 210t reaction at pH 8.0, the rate constant for product tions. This possible preference for binding substrate would
dissociation Ks) was estimated to be 270 mifKeatpr 5.0)= be unusual for RNA-catalyzed ligation; if it could be
(Ke(pr 8.0) X Ka)/(Kepr 8.0y T Ka)]. The rate constant for product enhanced, more rapid rates could be achieved.
associationK-,) can be estimated dg/K;i = 2 x 10' M* The catalytic efficiency of the class | ligaskdpr s.of

min~. It is difficult to say whether the 3-fold difference K] approaches the substrate-enzyme association rate. This
betweerk_, values of the two enzymes is significant. Day- is a feature typical of ribozymes that bind their substrate by
to-day variation was generally less th#&i20% for any two forming a Watsor-Crick helix (11, 13, 32, 33) and can be
experiments performed with the same reagents, but as muchthought to satisfy the criteria for “catalytic perfectiorf’l]),
as 2-fold when performed with different preparations of although the ribozyme catalytic efficiencies are considerably
reagents. less than those of classical diffusion-controlled enzymes. For
Rate Constant for Substrate Associatior) @nd an Initial the class | ligase, the P2 helix must form during binding of
Estimate of the Rate Constant for Substrate Dissociation the substrate complex. The substrate-enzyme association rate
(k-1). In contrast with the parent ribozyme, whetewas constant is within the range observed for the association rate
simply kea/Km, we do not have an accurate measurégof  constants of model RNA helices (range: 73Q0° M1
for 210t. If thek; for 210t matched thé; for 207t, it would min~%; refs34—36). It is reasonable to propose that formation
be approximately & 10° M1 min~. On the other hand, of P2 limits the substrate association rate constant, and thus
for the parent ribozyme; equaledk—g4; if the same was true  attempts to improve the catalytic efficiendg4/Ky) of the

for 210t, then itsk; may be closer to 2 10’ M~ min~%. class | ligase would focus on increasing the rate constant
The range fork; shown in Scheme 2 reflects these two for P2 formation. Perhaps additional contacts to the backbone
possibilities. of the ribozyme arm of P2 could increase the association

The low affinity of the 210t ribozyme for its substrate also rate constant by presenting the arm more favorably for helix
hampered measurements of the substrate dissociation rat@ucleation.
constant. The partitioning approach used for 207t was not Comparison of the 210keapn s (140 mimt) with the
applicable here; the higkn, for the 210t ligase would have  uncatalyzed reaction in the equivalent buffer, salt, and
required both high enzyme concentrations to saturate thetemperature Knca{pH 8.0) = 1.2 x 107 min'%; ref 2]
substrate pulse and unattainable substrate levels for arindicates a rate enhancement of X 2LC°. This refinement
effective chase. Approaches using dilution rather than an of our previously reported value (8 10 ref 2) reflects the
unlabeled chase to partition the labeledS8EEomplex were  correction for ribozyme specific activity. The rate enhance-
likewise beyond the scope of these studies because theyment can also be expressed in termg&ofThe enhancement
would have required near-instantaneous (millisecond) mixing. of kepn g (375 Mimt) over kuncapr s.0)is 3 x 10°. The
The rate constant for substrate dissociation was thereforeTetrahymenagroup | intron and RNase P RNA also have
estimated as Kg)(k;)) = 85—290 mirr!, where Ky was fast chemical steps, yet they promote somewhat more
estimated fronK, at pH 6. difficult uncatalyzed reactions, and so tkefor derivatives

Although the two ribozyme reactions presented here are of these ribozymes are ¥6-10'3 times faster thakyncar(11,
alike in most respects, the multiple-turnover rates of the 210t 30, 31, 37).
ribozyme place it in a unique position with regard to RNA  The most interesting optimization of the class | ligase
catalysis. The RNA component of RNase P and a multiple- would be an increase in the rate of chemistry. At'22and
turnover derivative of th@ etrahymenaself-splicing intron physiological pH, thek; of the class I ligase ankis of the
are also capable of achieving fags (> 100 mirr?), but ribozymes with the fastest known chemical stepstfahy-
like 207t, they are usually held to relatively low turnover menagroup | intron and RNase P RNA) are all about the
rates by their slow product releaskl(14). To circumvent same (100 min'). Although natural ribozymes are not
this limitation, product-binding mutants can be used, but necessarily optimized for speed, it is noteworthy that the
these mutants typically have lowered affinity for the sub- ligase has attained a comparallewithout the benefit of
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billions of years of evolution. Indeed, it is curious that our
prototype ribozyme (construct B207) has a fast; it was

generated by combining the features of ribozyme variants
selected under conditions (a 30-s incubation at pH 7.4) that

would not have stringently rewarded quick chemisty. (
With the finding that lowering pH can isolatg, it should

be feasible, using rapid-quench techniques, to select for
variants with faster rates of chemistry. Such an approach
would more directly explore, and perhaps extend, the limits
of the class | ribozyme as well as those of RNA catalysis in

general.
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