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Kinetics of hairpin ribozyme cleavage in yeast
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ABSTRACT

Hairpin ribozymes catalyze a self-cleavage reaction that provides a simple model for quantitative analyses of intra-
cellular mechanisms of RNA catalysis. Decay rates of chimeric mRNAs containing self-cleaving ribozymes give a
direct measure of intracellular cleavage kinetics in yeast. Intracellular ribozyme-mediated cleavage occurs at similar
rates and shows similar inhibition by ribozyme mutations as ribozyme-mediated reactions in vitro, but only when
ribozymes are located in a favorable mRNA sequence context. The impact of cleavage on mRNA abundance is shown
to depend directly on intrinsic mRNA stability. Surprisingly, cleavage products are no more labile than uncleaved
mRNAs despite the loss of terminal cap structures or poly (A).
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INTRODUCTION

Kinetic and thermodynamic analyses have provided
crucial insights into the mechanistic details that deter-
mine the efficiency and specificity of RNA-catalyzed
reactions in vitro. Despite the recent focus on RNA-
catalyzed reactions in translation (Noller et al., 1992),
in precursor mRNA splicing (Madhani & Guthrie, 1992),
and on gene inactivation through antisense ribozyme-
mediated RNA cleavage in vivo, it remains unclear
how mechanisms defined for RNA catalysts in vitro
relate to RNA-mediated reactions in cells. Antisense
ribozyme cleavage activity in vitro correlates poorly
with gene inactivation in vivo (Crisell et al., 1993;
Homann et al., 1994). Self-splicing of pre-rRNA is not
only much faster in vivo than in vitro, but a mutation
that eliminates detectable self-splicing in vitro is com-
pensated substantially in vivo (Brehm & Cech, 1983;
Zhang et al., 1995). Thus, the available evidence points
to fundamental differences between in vivo and in
vitro mechanisms of RNA catalysis.

In vivo, RNA-binding proteins may influence cata-
lytic RNA structures by “capturing” active conforma-
tions or by destabilizing inactive ones (Mohr et al.,
1992; Tsuchihashi et al., 1993; Bertrand & Rossi, 1994;
Coetzee et al., 1994; Weeks & Cech, 1995) or even par-
ticipate directly in catalytic chemistry. Differences be-
tween RNA-catalyzed reactions in vivo and in vitro
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also could arise from an ionic environment that is more
or less favorable for ribozyme assembly and catalysis
because both RNA folding and catalytic chemistry de-
pend strongly on the identity and concentrations of
ions (Grosshans & Cech, 1989; Celander & Cech, 1991;
Smith et al., 1992; Pan et al., 1993; Piccirilli et al., 1993;
Chowrira et al., 1993; Zarrinkar & Williamson, 1994;
Pan, 1995).

To begin to understand how the mechanisms of RNA
catalysis elucidated through in vitro studies relate to
the behavior of RNA enzymes inside cells, we have
undertaken a quantitative analysis of a simple RNA-
catalyzed reaction in yeast. The hairpin ribozyme cat-
alyzes reversible self-cleavage to process intermediates
in rolling circle replication of plant satellite RN As (Keese
& Symons, 1987). Together with the hammerhead, axe-
head, and Neurospora VS catalytic RNAs, the hairpin
belongs to the family of small RNA enzymes that cleave
phosphodiesters to generate 5’ hydroxyl and 2',3'-
cyclic phosphate termini (reviewed in Symons, 1992;
Long & Uhlenbeck, 1993). A hairpin secondary struc-
ture model consisting of two pairs of helix-loop-helix
segments has been confirmed experimentally and the
two segments appear to interact within a noncoaxial
tertiary structure (reviewed in Burke et al., 1996;
Fig. 1A).

Although the hairpin ribozyme assembles from se-
quences within one RNA in nature, the ribozyme can
be designed to recognize and cleave separate RNA
substrates (Hampel & Tritz, 1989). Rate and equilib-
rium constants have been determined for individual
steps of intermolecular cleavage and ligation reactions



962 C.P. Donahue and M.]. Fedor
uCy
A o O
UAUAUUA A A g Y43 .
ugug® Ccuaau ueacA®YCe yauuuAY?®
U [ BN} (I T N I I I | L I A}
GCAC 5 AGACCA ACUGAAGAGACAAACH
1 AGn e
oy "CAAABD w10 | C5
B vV V vV V
CR1 CR2 Cl-i%3 UTH
I Y7777 777777 77 72777 77 7 7 T 777 T 777777 7] —
UASpgk I T 1 [ | T
BamH | Kpn | Msc ISal | Xbal  Bgllli ClalSspl Hind Il
P
BamH | YASaAL e 4____S_na o
Hybridization Probes - e S
—— 100 bp

FIGURE 1. Hairpin ribozymes and chimeric PGK1 genes. A: Hairpin ribozyme sequences and secondary structure model.
The self-cleaving hairpin ribozyme has the same sequence as the hairpin domain of tobacco ringspot virus satellite RNA
with linkers between helices IT and III and at the base of helix IV replacing satellite RNA sequences that are not required
for catalysis. Base paired helices [, II, I1I, and IV are indicated. Arrow indicates the reactive phosphodiester. Mutations that
eliminate (G+1A) or reduce (GyU) catalytic activity are boxed. B: Chimeric PGK1 genes and RNAs. Oligonucleotides
encoding hairpin ribozymes were inserted into the 3’ untranslated region (open rectangle, UTR) or the coding region
(hatched rectangle, CR1, CR2, and CR3) of the yeast PGKI gene. Chimeric mRNAs were expressed from the natural PGK1
promoter or under the control of GAL1-10 regulatory sequences. The mRNA transcription start site is indicated by a solid
arrow. ¥P-labeled transcripts (dashed arrows) were used as probes in hybridization-RNase protection assays. Transcripts
with the opposite polarity were used to measure self-cleavage kinetics in vitro.

(Hegg & Fedor, 1995). The hairpin ribozyme imposes
few constraints on substrate sequences beyond the abil-
ity to form base paired helices with the ribozyme. Con-
sequently, hairpin ribozymes can be engineered to
cleave virtually any target RNA through simple ad-
herence to Watson-Crick base pairing rules. Hairpin
ribozymes directed against HIV-1 sequences protect
primary human lymphocytes from infection in culture
and have entered clinical trials (Welch et al., 1996).

Hairpin ribozymes were expressed in yeast as self-
cleaving mRNAs. Differences between decay rates of
chimeric mRNAs that contain functional or inactive
hairpin ribozymes reflect intracellular cleavage kinet-
ics directly. In favorable mRNA sequence contexts in
vivo, ribozymes self-cleave at rates similar to self-
cleavage rates measured in vitro. A ribozyme muta-
tion that slows cleavage in vitro also slows intracellular
cleavage by a similar amount. Thus, the reaction path-
way and the rate-determining step or steps for hairpin
ribozyme-mediated cleavage are fundamentally the
same in vitro and in vivo. Ribozymes located in un-
favorable mRNA sequence contexts react poorly in vivo,
evidence that features of native mRNA structure or
activity can impede ribozyme assembly. The impact of
self-cleavage on mRNA abundance reflects the ratio of
self-cleavage and intrinsic mRNA turnover rates, dem-
onstrating that antisense ribozymes will be most effec-
tive when directed against stable RNA targets. Finally,
we show that the products of intracellular cleavage
lacking terminal cap structures and poly (A) degrade
no faster than uncleaved mRNAs.

RESULTS

Monitoring hairpin ribozyme-mediated

cleavage in yeast

To examine intracellular catalysis directly, without in-
terference from transport or binding steps that might
limit ribozyme cleavage of separate RNA substrates,
hairpin ribozymes were expressed in yeast as self-
cleaving mRNAs (Fig. 1). The ribozyme sequence is
derived from the self-cleaving domain in the negative
strand of the satellite RNA of tobacco ringspot virus
(Buzayan et al., 1986; Feldstein et al., 1989; Hampel &
Tritz, 1989).

The hairpin ribozyme sequence (HP) was inserted
into a plasmid-born PGK1 gene, a yeast gene chosen
for the abundance and slow turnover of its mRNA that
provide a sensitive gauge for any ribozyme cleavage-
mediated acceleration of mRNA decay (Herrick et al.,
1990; Peltz & Jacobson, 1993). Chimeric mRNA con-
taining a self-cleaving hairpin ribozyme (HP mRNA)
was compared to the same mRNA containing a G, ;A
point mutation in the hairpin sequence (HP~ mRNA)
that eliminates catalytic activity (Chowrira et al., 1991)
to distinguish effects of self-cleavage from effects of
insertion of ribozyme sequences on mRNA stability.

It was first important to ensure that any observed
cleavage occurs in vivo and not during isolation of
yeast RNA. To monitor self-cleavage during RNA iso-
lation, uncleaved *P-labeled chimeric HP RNA was
purified from in vitro transcription reactions, com-
bined with yeast, and subjected to conventional RNA
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extraction procedures (Kohrer & Domdey, 1991; Kaiser
et al., 1994). Although efficient catalysis requires metal
cations that should be chelated by extraction buffers
(Hampel & Tritz, 1989; Chowrira et al., 1993), almost
20% of the added **P RNA self-cleaved during extrac-
tion or during storage in water (Fig. 2). Cleavage ex-
tents approached 50% when RNA samples were frozen
and thawed repeatedly (not shown). Evidently, even
slow cleavage rates allow significant product accumu-
lation over the time required for RNA analysis. When
RNA is extracted and stored in buffer at pH 5, how-
ever, the added **P HP RNA remains intact. To ensure
that any cleavage products detected in yeast RNA arise
only from intracellular cleavage, yeast RNA was pu-
rified and stored at low pH for all further experiments.

The hairpin ribozyme self-cleaves in yeast

We used hybridization-RN Ase protection assays to an-
alyze products of intracellular cleavage. RNA from yeast
carrying a chimeric PGK1 gene with a ribozyme inser-
tion in the 3’ untranslated region (HP mRNA) was

A
Uncleaved RNA B
5' cleavage product = Q S
M A A L L Extraction
N W N W Storage
B 0.2 -

Fraction 0.1_
Product

0.0 ===
A A L L Extraction
N W N W Storage

FIGURE 2. Self-cleavage during preparation of yeast RNA. RNA
was extracted from yeast using acidic phenol (A) or LiCl (L) and
stored in 10 mM NaCO,CH3;, 1 mM EDTA, pH 5, buffer (N) or water
(W). *?P-labeled ribozyme transcripts were combined with yeast to
monitor self-cleavage during RNA extraction. **I-labeled uncleaved
chimeric RNA or 5" cleavage products, either purified from in vitro
transcription reactions or generated by self-cleavage during yeast
RNA purification, were fractionated on denaturing gels (A) and
quantitated by radioanalytic scanning (B).
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annealed with a *P-labeled transcript of PGKI se-
quences containing an insertion complementary to the
ribozyme (HP*™ transcript, Fig. 3A). Samples were
digested with RNAse to remove unhybridized se-
quences and protected fragments were fractionated on
denaturing gels. Uncleaved chimeric RNA and 5’ cleav-
age product were purified from in vitro transcription
reactions to provide markers for comparison. Un-
cleaved chimeric RNA was either maintained in 10 mM
NaCO,CHj;, 1 mM EDTA, pH 5, to prevent cleavage, or
diluted into 50 mM Tris-Cl, 10 mM MgCl,, 0.1 mM
EDTA, pH 7.5, and allowed to react to completion.

Chimeric yeast mRINA and chimeric RNA transcripts
allowed to undergo self-cleavage in vitro generated
virtually the same fragments with 70% of yeast HP
mRNA sequences co-migrating with the 5’ cleavage
product marker (Fig. 3B,C). An 11-nt fragment arising
from the 3' cleavage product would have been too
small to detect. Uncleaved HP RNA that was main-
tained at low pH to prevent self-cleavage remained
virtually intact under assay conditions, further evi-
dence that cleavage products detected in yeast mRNA
arose from intracellular cleavage and not during the
analysis (Fig. 3B,C). Thus, chimeric HP mRNA self-
cleaves at the appropriate site in yeast.

Larger hybridization probes that span the ribozyme
insertion sites (Fig. 1B; Table 1) monitor mRNAs ex-
pressed from genomic PGKI mRNA and chimeric
mRNAs in the same assay to allow comparisons of
intracellular RNA abundance. As expected, HP"
mRNA, containing a G.;A mutation that eliminates
hairpin cleavage in vitro, produced no cleavage prod-
ucts (Fig. 3D). The similar abundance of HP  and ge-
nomic mRNAs indicates that ribozyme sequences had
little effect on transcription or on mRNA stability in
the absence of cleavage (Fig. 3D,E). Consistent with
appearance of 70% of HP mRNA sequences as cleav-
age products, uncleaved HP mRNA levels were nearly
70% lower than HP ~ and genomic mRNA levels. The
total amount of HP mRNA, including uncleaved mRNA
and cleavage products, however, was similar to the
amount of HP~ and genomic mRNAs. If cleavage
products were significantly less stable than uncleaved
mRNAs, the total amount of HP mRNA sequences
would have decreased. Quantitative analysis of cleav-
age product stability is presented below. Furthermore,
the 5’ cleavage product was nearly threefold more abun-
dant than the 3’ cleavage product. Because both prod-
ucts would arise in equal amounts through in vitro
cleavage, this difference between 5’ and 3’ product
levels confirms that products arose in vivo.

Hairpin ribozymes cleave at similar
rates in vivo and in vitro

The steady-state concentration of an mRNA reflects
the balance between rates of transcription and decay.



964 C.P. Donahue and M.]. Fedor

A B c 1o

HPmRNA g He
orusnserPl Setcleavage |, HP RNA»-
o > Fraction 5
ti , ]
HPanti transcript 5-*—-—«&”'— 5 pmdumpm it RNA
hybridization SR o -
A E % % % \
x5 g = 5 £ 0.0 1, RN
RNase digestion ¢ g o ‘% § < 3B % 3
= 2 ;g > 3 % g @ E
= o O E e %g
B9 3T
S g 2 5
3 8 g 3
g o g ©
2 i o
Transcript HP mRNA
D UTR 3
chimeric mMRNA B 1.5
5' cleavage product » 1.0
[RNA]
[HP- mRNA]
0.5 .
genomic mRNAb”;a.-.:
3’ cleavage product »> 0.0
- S§5ssss
) T g 3goCxoc
EFf fo EEE
genomicmRNAbw & g o = & % <§-‘
. 3ELE T 88
- > ©® © F & D
s s ¢ sa8 3¢
£ T8 g o o 0o
a h & S
T 1T O

FIGURE 3. Hairpin ribozyme self-cleavage in vivo. A: Comparison of intracellular and in vitro self-cleavage products
using hybridization-RNase protection assays. RNA from yeast carrying a chimeric PGKI gene with a ribozyme insertion
in the 3" untranslated region (HP mRNA, open arrow) were annealed with an [a-*P]-labeled transcript of PGK1 sequences
containing an insertion complementary to the ribozyme (*HP*™ transcript, filled arrow). RNAs were treated with RNase
to remove unhybridized PGK1 sequences and protected fragments were fractionated on denaturing gels. Chimeric RNAs
transcribed in vitro were analyzed in parallel reactions to provide cleavage product markers. B: The same fragments are
produced by intracellular and in vitro self-cleavage. Yeast HP mRNA and chimeric RNA transcripts allowed to undergo
cleavage in vitro (cleaved transcript) produce the same fragments that co-migrate with 5" cleavage product purified from
an in vitro transcription reaction and with uncleaved HP RNA purified from an in vitro transcription reaction and
maintained in 10 mM NaCO,CH;, 1 mM EDTA, pH 5 (uncleaved transcript). C: Relative abundance of uncleaved HP
mRNA and 5’ cleavage product detected in assays of B. D: Arrows mark fragments corresponding to uncleaved chimeric
mRNA, cleavage products, and genomic PGKT mRNA sequences detected in yeast carrying functional (HP) or inactive
(HP ") hairpin ribozymes in the 3’ untranslated region of plasmid-born PGK1 genes, or carrying only genomic PGK1.
Fragments were detected using the hybridization probe complementary to the 3'UTR ribozyme insertion site shown in
Figure 1B. E: Abundance of HP mRNA and cleavage products (open) and genomic PGKT mRNA sequences 5" and 3’ of
the ribozyme insertion site (shaded) are shown relative to the amount of HP" mRNA (filled).
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TABLE 1. Analysis of intracellular cleavage products.

Insertion Cleavage Fragment expected?® Fragment observed"®
site product (nucleotides) (nucleotides)
CR1 5 270 284

3 90 101
CR2 5 207 226

3 86 88
CR3 5 203 220

3 96 97
UTR 5’ 181 200

3 102 102

Sizes of fragments expected for products of intracellular self-
cleavage of chimeric mRNAs using hybridization-RNAse protection
assays with the hybridization probes indicated in Figure 1.

"Sizes of fragments determined in hybridization-RNAse protec-
tion assays shown in Figures 3D and 6A were calculated from elec-
trophoretic mobility by comparison with_fragments produced by
uncleaved chimeric mRNA and genomic PGK1 mRNA fragments.

Because most HP mRNA is cleaved at steady state, the
time required for intracellular cleavage is less than the
lifetime of the mRNA. The cleavage rate can be mea-
sured directly from the effect of self-cleavage on HP
mRNA turnover. HP mRNA decays both through self-
cleavage and through the pathway responsible for nor-
mal mRNA degradation, whereas HP - mRNA decays
only through the endogenous degradation pathway
(Fig. 4A). Consequently, self-cleavage accelerates de-
cay of HP mRNA relative to HP~ mRNA by an amount
corresponding to the intracellular cleavage rate.

To obtain a population of HP mRNA that had not yet
cleaved, a burst of transcription was induced from
chimeric PGK1 genes fused to a galactose-inducible
promoter. After further transcription was inhibited by
addition of glucose to growth media, we monitored
the disappearance of uncleaved HP mRNA over time
(Fig. 4B). The distinct lag in the decay of 5' cleavage
product corresponds to the phase in which product
degradation is nearly balanced by self-cleavage of
newly transcribed HP mRNA. The change in the pro-
portion of uncleaved HP mRNA and 5’ cleavage prod-
uct over the decay time course provides more strong
evidence that self-cleavage occurred in vivo. Because
RNAs were analyzed in parallel from yeast collected
at different times, any cleavage that occurred in vitro
would have reached the same extent in RNA from
each time point.

A parallel pulse-chase experiment with HP ™ mRNA
gives the intrinsic rate of chimeric mRNA degradation
through the normal mRNA turnover pathway. HP ™
mRNA displayed a half life similar to that measured
previously for genomic PGKT mRNA (Herrick et al.,
1990), whereas HP mRNA disappeared almost three
times faster (Fig. 4B, inset; Table 2). The difference
between HP and HP~ mRNA decay rates gives a value
of 0.046 min ' for the rate of intracellular cleavage
(Table 2).
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FIGURE 4. Self-cleavage kinetics of a hairpin ribozyme in the 3'UTR
of PGKI mRNA. A: HP mRNA decays both through self-cleavage
(Keteavage) and through the pathway responsible for normal mRNA
degradation (Kiegradation), whereas HP™ mRNA decays only through
the normal mRNA degradation pathway. Self-cleavage accelerates
decay of HP mRNA relative to HP™ mRNA by an amount corre-
sponding to the intracellular cleavage rate. B: Intracellular self-
cleavage kinetics. Uncleaved HP mRNA (open circles), 5 cleavage
product (open squares), and HP~ mRNA (filled circles) were quan-
titated at various times after a burst of transcription using hybrid-
ization-RNase protection assays. Chimeric mRNA decay rates were
determined from fits to ([RNA]/[RNAg]) = ¢ * and In{[RNA,]/
[RNA]) = —kt (inset). The difference between the HP mRNA decay
rate of 0.072 min ' and the HP~ mRNA decay rate of 0.026 min
gives an intracellular self-cleavage rate of 0.046 min . Panels show
fragments corresponding to uncleaved mRNA thmugh(}ut the time
course. C: In vitro self-cleavage kinetics. Uncleaved *P-labeled chi-
meric HP RNA transcripts were eluted from a denaturing gel and
diluted into 50 mM Tris-Cl, 10 mM MgCl,, 0.1 mM EDTA, pH 7.5, at
24°C to initiate self-cleavage. Lines represent fits calculated to frac-
tion product = ¢ ¥ and In(fraction product) = —kt (inset), giving a
value of 0.33 min ! for the rate of self-cleavage.
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TABLE 2. Intracellular rates of hairpin ribozyme-mediated cleavage.

Kieew,™ (per mln) [Chimeric mRNAl/[genomlc PGK1 mRNAJ

Insertion HP Hpo21U HP Koo HP HPSU HP HPIY e
site (wild type) (impaired) (inactive) (per min) (wild type) (impaired) (inactive) [HP ] (per mm)
UTR 0.072 + 0.02 0.026 = 0.003 0.046 0.33 = 0.3 1.24 = 0.73 0.26 0.071
UTR 0.038 = 0.002  0.026 = 0.003 0.012 0.84 + 0.56 0.67 0.012
CR1 0.073 + 0.007 0.064 = 0.005 0.0097 0.48 = 0.03 0.73 = 0.02 0.66 0.033
CR2 0.059 + 0.004 0.058 = 0.001 ~0.015¢ 0.38 = 0.15 0.37 = 0.21 1.0 ~0.015°
CR3 0.091 = 0.01 0.040 = 0.002 0.050 0.34 = 0.06 091 = 0.06 0.38 0.066

"Mean and range of values obtained in two or more measurements of intracellular chimeric mRNA decay rates.

bCalculated from Ketavage = Kaveay = Kaogradation using the difference in mean intracellular decay rates between HP and HP mRNA and

assuming that k..., for HP™ mRNA is kyorotuion and that kg, for HP mRNA is the sum of Kgepragaion and Keepmee, as described in the text.
g v g v g g

“Self-cleavage rate estimated from K jumuage

= kmrmmrw ([5" product]/[HP mRNA]) using the mean value for the relative abundance of 5'

product and HP mRNA shown in Table 3 and assuming that ke [HP mRNA] = ki [product] at steady state and that 5" products
of CR2 cleavage degrade at the same rate as 5" products of CR1 and UTR cleavage.
4Mean and range of values for the abundance of chimeric mRNA relative to genomic PGK1T mRNA in three or more preparations of yeast

RNA.

Standard deviation of values obtained from eight experiments was 0.15.

fRatio of mean values of HP and HP™ mRNA abundance.

8Calculated from Keuuge = Kiegragation ((HP ™ mRNA]/[HP mRNA]) — kigraganon Using mean values for Kiegradarion and for the relative abun-
dance of HP and HP mRNAs and assuming that [HP mRNA]/[HP mRNA] = Kipouation / Kiegradation + Keteavage) at steady state, as described
in the text.

Having determined the intrinsic rate of HP - mRNA
degradation, the intracellular cleavage rate also can be
calculated from the relative abundance of uncleaved
HP and HP mRNAs at steady state (Brehm & Cech,
1983). The amount of HP - mRNA at steady state reflects
the balance of transcription and degradation, or:

rick et al., 1990), cleavage almost certainly occurs in
the cytoplasm after most intracellular activities of the
mRNA are complete.

Intracellular and in vitro hairpin ribozyme
cleavage mechanisms are similar

Kovomecrintion The similarity of intracellular and in vitro cleavage
[HP mRNA]= r;—f—%— rates suggests that the mechanism of hairpin ribozyme-
degradalion

The amount of HP mRNA is given by:

krrnn.-'z'rﬁpf.‘zm

[HP mRNA] =

r
kd('gradation + kdmzvngr

and the ratio of HP mRNA and HP mRNA levels by:

[HP mRNA]
[HP ™ mRNA]

kdvgmdar.‘un

kdt'gmdmion + kc‘fmmg(’ '

The ratio of HP and HP ™ mRNA abundance (Fig. 3E)
combined with the rate measured for HP~ mRNA deg-
radation (Fig. 4B) gives a value for k. of 0.071
min !, in good agreement with the value of 0.046 min ™
determined directly from HP mRNA decay kinetics
(Table 2). Thus, different calculations based on two
sets of measurements give consistent values averaging
0.06 min ' for the intracellular cleavage rate.

With a half-life of ~12 min, intracellular self-cleavage
is only fivefold slower than self-cleavage of chimeric
HP transcripts in vitro (Fig. 4C) or than cleavage rate
constants measured for intermolecular reactions in vitro
(Hegg & Fedor, 1995). Because intracellular self-cleavage
is slower than the lifetime of most yeast mRNAs (Her-

mediated cleavage is the same in vivo and in vitro and
that reaction rates are determined by the same step or
steps in both environments. If catalysis is very rapid in
vivo but assembly of a functional ribozyme is slow,
however, similar cleavage rates still could reflect dif-
ferent limiting steps in intracellular and in vitro reac-
tion pathways. If cleavage is limited by a similar step
in cells and in vitro, however, each reaction will show
the same response to modifications that accelerate or
inhibit cleavage.

To test whether a ribozyme mutation that impairs
catalytic activity in vitro has the same effect in cells,
we measured self-cleavage rates for chimeric RNAs
with a G;U mutation. This mutation slowed in vitro
self-cleavage 12-fold (Fig. 5A). Unless intracellular
cleavage is limited by a different step, HP“*'Y mRNA
also will self-cleave at a slower rate. The difference
between HP and HP“Y mRNA decay rates and the
relative abundance of intact HP“'V and HP~ mRNAs
at steady state give the same values for ke of 0.012
min !, a rate about fivefold slower than intracellular
self-cleavage of HP mRNA (Fig. 5B,C; Table 2). Be-
cause the G,,U mutation inhibits intracellular and in
vitro cleavage by similar amounts, in vitro and intra-
cellular reactions likely proceed through similar mech-
anisms and share similar rate-determining steps.
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FIGURE 5. G; U mutation reduces self-cleavage rates in vitro and in vivo. A: Self-cleavage kinetics of HP“*'Y RNA in
vitro. Uncleaved **P-labeled chimeric HP (circle) and HP“*'V (triangle) transcripts were eluted from denaturing gels and
diluted into reaction buffer to initiate self-cleavage. Lines represent fits calculated to fraction product = e * and In(fraction
product) = —kt (inset), giving cleavage rates of 0.33 min ' and 0.027 min ' for HP and HP“*'" RNAs, respectively.
B: Self-cleavage kinetics of HP“'Y RNA in vivo. Uncleaved HP, HP“'Y and HP~ mRNAs were quantitated at various

times after a burst of transcription using hybridization-RNAse protection assays. Decay rates of 0.072 min
for HP (open circle), 0.038 min~' for HP“”'V (open triangle), and 0.026 min ' for HP

(filled circle) mRNAs were

determined from fits to In([RNA]/[RNAy]) = —kf. The difference between HP“>'V and HP ™ mRNA decay rates gives an
intracellular self-cleavage rate of 0.012 min " for HP*" mRNA. C: Relative abundance of uncleaved HP ™ mRNA (filled),
HP mRNA (open), and HP“*'" mRNA (hatched) at steady state.

Hairpin self-cleavage efficiency varies
with mRNA sequence context

Ribosome transit, differences in nucleoprotein struc-
ture between coding and noncoding mRNA sequences,
or participation of mRNA sequences in stable second-
ary structures might influence ribozyme assembly. To
learn whether hairpin ribozyme sequences located in
different regions of mRNA display enhanced or dimin-
ished activity, self-cleaving ribozymes were inserted
into three sites in PGK1 coding sequences (Fig. 1B). In
each case, the ribozyme insertion maintained an open
reading frame. At steady-state, chimeric nRNA with a
ribozyme in CR3 gives rise to about the same fraction
of cleavage products as chimeric mRNA with a ribo-
zyme in the UTR, whereas larger fractions of chimeric
mRNA remain uncleaved when ribozymes are located
in CR1 and CR2 (Fig. 6).

Apparent differences in cleavage efficiency instead
could reflect differences in product stability if prod-
ucts of CR1 and CR2 cleavage degrade faster than
products of UTR or CR3 cleavage. However, compar-
isons of chimeric mRNA abundance suggest that the
context of the ribozyme insertion affects ribozyme ac-
tivity and not product stability (Fig. 6B; Table 2). The
total amount of all HP mRNAs, including uncleaved
mRNA and cleavage products, was slightly higher than
the amounts of corresponding HP™ mRNAs, evidence
that products of CR1 and CR2 cleavage are no less
stable than products of CR3 or UTR cleavage. Further-
more, with a ribozyme located at CR2, uncleaved HP
and HP mRNAs levels were almost the same. Even if
products of CR2 cleavage degrade rapidly, efficient
cleavage would have depleted uncleaved HP mRNA.

Decay of HP mRNAs with CR1 and CR2 insertions
was about twofold faster than decay of HP~ mRNA
with a ribozyme in the UTR, indicating that inactive
ribozyme insertions at these sites accelerated chimeric
mRNA degradation somewhat (Fig. 7; Table 2). Faster
intrinsic degradation rates reduce the impact of self-
cleavage on uncleaved chimeric mRNA abundance
(above). Therefore, variation in apparent cleavage ex-
tents results in part from differences in intrinsic deg-
radation rates. Nonetheless, HP mRNA with a ribozyme
in CR1 decays only slightly faster than corresponding
HP  mRNA, and chimeric mRNA with a ribozyme in
CR2 displays no accelerated decay attributable to
ribozyme-mediated cleavage. Cleavage-mediated ac-
celeration of decay would have been detected easily if
a ribozyme at CR2 self-cleaved at rates comparable to
self-cleavage rates measured for CR3 and UTR inser-
tions. Thus, native mRNA structure or activity can ex-
ert modest but clear effects on assembly of a functional
ribozyme.

Chimeric RNAs also self-cleaved to different extents
during transcription in vitro. However, variation in
cleavage extents during in vitro transcription showed
no correlation with self-cleavage efficiency in vivo, rang-
ing from 35% self-cleavage for chimeric RNA with the
CR3 ribozyme insertion that cleaved efficiently in yeast
to 55% self-cleavage for chimeric RNA with a CR1
ribozyme insertion that cleaved poorly in yeast. Cleav-
age extents, but not cleavage rates, also varied in
reactions initiated by diluting purified ribozyme tran-
scripts into reaction buffer, but again showed no cor-
relation with intracellular self-cleavage efficiency (data
not shown). The propensity of some RNAs to adopt
nonfunctional structures can inhibit catalysis in vitro
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FIGURE 6. Self-cleavage of hairpin ribozymes in the PGK1 coding region. A: Arrows mark fragments corresponding
to uncleaved chimeric mRNA, cleavage products, and genomic PGK1 mRNA sequences detected in yeast carrying chi-
meric PGK1 genes with hairpin ribozymes in CR1, CR2, or CR3 sites (Fig. 1B). B: Abundance of uncleaved HP mRNA
and cleavage products (open) relative to HP~ mRNA (filled) for chimeric mRNAs with hairpin ribozymes located at each
site.

(Fedor & Uhlenbeck, 1990; Uhlenbeck, 1995) and might ~ Cleavage products lacking terminal cap

account for limited self-cleavage of ribozymes at CR1 ~ and poly (A) structures are stable

and CR2 sites. However, secondary structure modeling

of chimeric RNAs using M-FOLD computations (Zuker, ~ Among the functions attributed to mRNA terminal cap
1994) revealed no differences among HP mRNAs in  and poly A structures is regulation of mRNA stability.
the tendency of ribozyme insertions to adopt alternate  In yeast, nRNA degradation can be initiated either by
structures. poly A shortening, by decapping, or by endonucleo-
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FIGURE 7. Self-cleavage rates of hairpin ribozymes in the coding region. Intracellular decay rates of HP and HP™ mRNAs
were measured from the disappearance of intact chimeric mRNA following a burst of transcription. A: Intracellular decay
rates of chimeric mRNAs with HP (open circle) and HP ™ (filled circle) insertions in CR1 were 0.073 min ! and 0.064 min~"',
respectively, giving an intracellular self-cleavage rate of 0.010 min ~1. B: Chimeric mRNAs with HP (open circle) or HP

(filled circle) insertions in CR2 decayed at a similar rate of 0.06 min™". C: Chimeric mRNAs with HP (open circle) or HP

(filled circle) insertions in CR3 decayed at rates of 0.091 min U and 0.040 min~!, respectively, giving an intracellular
y P yr grving

self-cleavage rate of 0.050 min "

lytic cleavage in the body of an mRNA (reviewed in
Beelman & Parker, 1995; Jacobson & Peltz, 1996). PGK1
mRNA, in particular, undergoes deadenylation-depen-
dent 3’ to 5’ decay and decapping-dependent 5’ to 3
decay (Muhlrad & Parker, 1994; Muhlrad et al., 1995).
Self-cleavage of chimeric mRNA offers an opportunity
to examine the stability of PGKI mRNAs that lack
terminal structures because cleavage generates a capped
5' fragment with no poly (A) and a polyadenylated 3’
fragment with no cap.

Cleavage product concentrations reflect rates of self-
cleavage and product degradation. At steady state, prod-
uct formation and degradation rates are balanced, or:

kdmvagc [HP mRNA] = kdvgmdafinn [PrOdUCt]-

Therefore, product degradation rates can be calculated
from Keauage values and the relative abundance of un-
cleaved HP mRNA and cleavage products at steady
state (Brehm & Cech, 1983). Surprisingly, both 5" and
3’ cleavage products degrade at rates very similar to
degradation rates measured for corresponding HP
mRNAs despite the loss of terminal caps or poly A
(Table 3).

DISCUSSION

What limits intracellular cleavage?

The similarity of hairpin cleavage rates in intracellular
and in vitro reactions and the similar effects of G, A
and G,,U mutations shows that, in a favorable mRNA
sequence context, no fundamental change in the hair-
pin cleavage mechanism results from the activity of
RNA-binding proteins or the intracellular ionic envi-
ronment.

Modest reductions in intracellular cleavage rates and
the effects of a G,;U mutation could be explained by a
small difference between in vivo and in vitro kinetic
mechanisms. In vitro, the reaction equilibrium favors
ligation over cleavage when the ribozyme is com-
pletely bound by substrate or products (Feldstein &
Bruening, 1993; Hegg & Fedor, 1995). For the hairpin
sequence examined here, the 3 cleavage product binds
the ribozyme with low affinity and cleavage is driven
by rapid product dissociation and dilution under stan-
dard in vitro assay conditions. Partitioning of the
ribozyme-product complex between ligation and dis-
sociation would shift to favor ligation if the helix formed
between the ribozyme and the 3’ cleavage product is

TABLE 3. Intracellular stability of HP mRNA cleavage products

5" Cleavage product

3 Cleavage product

[Intact mRNA]J?

Insertion [_I—ntad mRNAJ* kdc\vmdu(hmb — e km-\-rmfnmmh
site [Cleavage product] (per min) [Cleavage product] (per min)
UTR 0.32 = 0.01 0.019 0.72 £ 0.39 0.042
CR1 1.04 = 0.27 0.022 1.33 + 0.76 0.028
CR3 0.65 = 0.17 0.038 0.51 + 0.10 0.030

aMean and range of values obtained from three or more preparations of yeast RNA at steady state.
"Caleulated from Kigradation = Keieuage ([Intact HP mRNA]/[Cleavage product]) by assuming that K [Intact HP
MRNA] = Kiegradation] Cleavage product] at steady state and using the average Of Kejepage values in Table 2, as described in the

text.
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more stable in vivo. Thus, slower product dissociation
in vivo could reduce apparent cleavage rates by allow-
ing product ligation.

If product dissociation is slow enough to limit cleav-
age rates in vivo but not in vitro, a mutation that slows
cleavage without affecting product dissociation would
inhibit in vivo cleavage less than in vitro cleavage.
Therefore, the twofold difference in the impact of the
G,U mutation on in vitro and in vivo cleavage rates
also is consistent with a small shift in the balance be-
tween ligation and product dissociation. Changes in
the stability of RNA helices in vivo could arise from
the activity of RNA binding proteins or differences in
counterions. Alternatively, the small apparent differ-
ence in the effect of the G,,U mutation on in vivo and
in vitro cleavage kinetics could stem from error in mea-
surements of intracellular cleavage rates.

Differences in self-cleavage among ribozymes lo-
cated in coding region sites are more apparent than
real because they result mostly from variation in the
intrinsic degradation rates that modulate the impact of
cleavage on mRNA abundance. Translation alone or a
structural difference between coding and noncoding
regions cannot account for the modest inhibition of
self-cleavage of ribozymes in CR1 and CR2 sites be-
cause a ribozyme in one coding region site, CR3, cleaves
at the same rate as a ribozyme in the untranslated
region. Reduced cleavage efficiency in vitro can reflect
folding of ribozyme sequences into nonfunctional struc-
tures (Fedor & Uhlenbeck, 1990; Uhlenbeck, 1995). If
assembly into nonfunctional structures reduces intra-
cellular self-cleavage at CR1 or CR2, the absence of
any correlation with in vitro cleavage efficiency indi-
cates that intracellular and in vitro folding pathways
differ. Variation in ribosome occupancy also might ex-
plain small differences in self-cleavage rates among
ribozymes in coding region sites if ribozyme assembly
is in kinetic competition with translation.

Intracellular stability of ribozyme
cleavage products

Our finding that self-cleavage products remain as sta-
ble as uncleaved mRNAs is surprising initially be-
cause of the importance of mRNA terminal structures
in regulation of mRNA turnover (reviewed in Beelman
& Parker, 1995; Jacobson & Peltz, 1996). Cleavage prod-
ucts could resemble uncleaved mRNAs in stability if
chimeric mRNAs self-cleave in vitro where products
are not subject to degradation. This possibility is ex-
cluded, however, by proof that added ribozyme tran-
scripts remain intact throughout RNA isolation and
analysis (Figs. 2, 3B,C), by the difference in amounts of
5" and 3’ cleavage products in vivo (Fig. 3E; Table 3),
and by the variation in the proportion of cleaved and
uncleaved mRNAs over an intracellular decay time
course (Fig. 4B).
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An explanation of cleavage product stability could
lie in models of mRNA degradation mechanisms that
invoke a functional interplay between mRNA transla-
tion and degradation mediated through cap and poly
(A) structures (Jacobson & Peltz, 1996). If mRNAs de-
grade during cap and poly (A)-dependent translation,
loss of terminal structures might disrupt translation,
thereby expelling cleavage products from the degra-
dation pathway. Alternatively, mRNA fragments with
2',3'-cyclic phosphate and 5’ hydroxyl termini might
not be substrates for exonucleolytic degradation be-
cause yeast poly (A) nuclease leaves 3’ hydroxyl ter-
mini (Lowell et al.,, 1992) and decapping leaves 5'
phosphates (Stevens, 1980).

If loss of terminal structures rescues cleavage prod-
ucts from degradation, however, product stability
would increase and not stay the same. More likely,
ribozyme-mediated cleavage simply does not short cir-
cuit the normal degradation pathway. mRNA frag-
ments would decay at the same rate as intact mRNAs
if the RNA-protein complex that ushers mRNAs
through the degradation pathway remains function-
ally intact despite the loss of one phosphodiester.

Implications for gene inactivation
by antisense ribozymes

The effects of cleavage on mRNA abundance have clear
implications for antisense ribozyme applications. The
relationship among intrinsic decay and self-cleavage
rates and steady-state RNA levels demonstrates how
the stability of an mRNA affects its suitability as an
antisense target. Although intracellular cleavage is three
times faster than normal PGK1 mRINA turnover, cleav-
age reduces chimeric mRNA levels only fourfold. A
more labile mRNA target, such as c-myc, with an in-
trinsic turnover rate nearly equal to the intracellular
cleavage rate (Wisdom & Lee, 1991), would be re-
duced only twofold. In contrast, the oncogenic coun-
terpart of c-myc, expressed as an immunoglobulin
fusion mRNA in B cells of patients with Burkitt’s lym-
phoma, is three- to eightfold more stable than its un-
modified counterpart (Eick et al., 1985) and would be
reduced four- to ninefold by cleavage at the same rate.

Because antisense ribozymes can eliminate target
RNAs only when cleavage is much faster than normal
degradation, the impact of antisense ribozyme-medi-
ated cleavage will be greatest with stable RNA targets.
Because an inhibitory mutation affects in vitro and in
vivo cleavage similarly, ribozyme modifications that
accelerate cleavage in vitro will likely accelerate intra-
cellular cleavage as well. Faster ribozymes should ex-
tend the range of feasible antisense targets to include
less stable RNAs. Model systems used for antisense
ribozyme screening will have greater predictive value
for gene inactivation when model targets and intended
targets share the same intrinsic stability. Furthermore,
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genes regulated by changes in mRNA stability will
vary accordingly in susceptibility to ribozyme-mediated
inactivation, an important consideration in the use of
antisense ribozymes to probe gene function.

mRNA cleavage, particularly in coding sequences,
almost certainly destroys translatability. However, sta-
ble mRNA fragments might continue to function in
viral packaging, for example, or provide binding sites
for regulatory proteins. In view of the potential for
RNA recombination, the persistence of cleavage prod-
ucts is a concern in antiviral ribozyme applications.

Intracellular self-cleavage rates define the maximum
activity expected for a fully assembled complex be-
tween a ribozyme and a separate RNA target. Thus,
self-cleavage rates provide a gauge to indicate when
slow transport or binding steps limit ribozyme-medi-
ated cleavage of separate RNA targets.

MATERIALS AND METHODS

Plasmid construction and propagation

Plasmids were constructed using conventional methods (Sam-
brook et al., 1989). Synthetic DNA cassettes with HP and
HP~ sequences were inserted into the unique Cla I site in the
3" untranslated region (UTR) of PGKI as a the BamH 1-Hind
1T fragment in pRS316 (Sikorski & Hieter, 1989), kindly pro-
vided by Stu Peltz and Allan Jacobson. Ribozyme cassettes
were PCR amplified for insertion into the unique Kpn I site
of PGK1 (CR1) using 5'-GCACCTGGTACCATACAAACAG
AGAAGTCAACC-3" and either 5'-GACCGTGGTACCATA
AACAGGACTGTCATCTAG-3' or 5'-GACCGTGGTACCAT
AAACAGGATTGTCATCTAG-3" as HP or HP ~ primers, re-
spectively. A linker with the Cla I-compatible Nar I site, 5'-
TAACGGCGCC-3', was first inserted into the unique Msc |
site of PGK1 (CR2), followed by insertion of the HP or HP~
cassette. Primers 5'-GCAGTCGGATCCCGATACAAACAG
AGAAGTCAACC-3' and either 5'-CTCAGGGGATCCGATA
AACAGGACTGTCATCTAG-3' or 5'-CTCAGGGGATCCGA
TAAACAGGATTGTCATCTAG-3" were used to amplify HP
or HP ™ cassettes, respectively, digested with BamH I, and
inserted into the unique Bgl II site of PGK1 (CR3).

The HP“*'V ribozyme insertion was created through mu-
tagenic PCR (Chen & Przybyla, 1994). First, PGK1 sequences
with or without PGK1 regulatory sequences were amplified
between the BamH I site and the HP insertion from a pGEM-
3Zf(—) (Promega) construct using a primer corresponding to
the T7 promoter, 5'-TAATACGACTCACTATAG-3', and a
primer encoding the G,;U mutation, 5'-ACGTGTGTTTATCT
GGTTGAC-3'. The PCR product was combined with a primer
derived from adjacent PGK1 and pGEM-3Zf(—) sequences,
5'-GGTGACACTATAGAATACTCAAG-3', and used to am-
plify the remainder of PGKI and vector sequences and then
transferred as a BamH I-Hind III fragment into pRS316.

Fusion of chimeric PGK1 genes to the GAL1-10 regulatory
region began with PCR amplification of a 270-base pair
GAL1-10 fragment from pTGU-URA (Fedor et al., 1988) using
primers 5'-GCGACGGAATCTAGAGAGCCCCATTATCTTA
GCC-3" and 5'-CGGTCGAATCTAGAGGGGCCAGGTTACT
GCC-3', which was then ligated into the Xba I site of pRS316.
PGK1 regulatory sequences located more than 251 base pairs
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upstream of the RNA start site were deleted from chimeric
genes in pGEM-3Zf(—) vectors by PCR amplification with
primers 5'-CGCGGATCCGATCGTACTGTTACTCTCTCT-3'
and 5'-GGTGACACTATAGAATACTCAAG-3', digestion with
BamH I and Hind III, and insertion into the pRS316 vector
bearing the GAL1-10 sequence.

Templates for in vitro transcription of RNAs for self-
cleavage assays and hybridization probes for ribozymes in
CR1 were prepared using 5'-GCACCTGGATCCTCGGTCCA
GAAGTTGAAG-3' and 5'-GACCGTGGATCCTTCCAACAA
GAAACCGGC-3' to prime amplification of a 356-base pair
fragment spanning the CR1 insertion site that was digested
with BamH 1 and inserted into pGEM-4Z in the antisense
orientation relative to the T7 promoter and linearized by
digestion with Nde I for transcription of hybridization probes.
Insertions in the sense orientation were linearized with
EcoR I for transcription of in vitro cleavage substrates.

Kpn 1-Sal I fragments spanning HP and HP ™~ sequences at
CR2 were inserted into pGEM-4Z, and linearized by diges-
tion with Nde I for transcription of hybridization probes, or
inserted into pGEM-3Zf(—) and linearized by digestion with
Sal T for transcription of in vitro cleavage substrates.

Xba 1-SnaB 1 fragments spanning the UTR insertion site
were inserted into pGEM-4Z that had been digested with
Hind T, filled in with Klenow fragment, and then digested
with Xba I, and templates for transcription of hybridization
probes were linearized with Bgl II. Bgl II-Hind III fragments
spanning HP and HP~ sequences in the UTR site were in-
serted into pGEM-3Zf(—) and templates for transcription of
in vitro cleavage substrates were linearized by digestion with
Ssp 1. A Bgl 11-Ssp | fragment spanning the HP“*'U sequence
in the UTR site was ligated into BamH I and Hinc II-digested
pGEM-4Z and linearized with Nde I for transcription of hy-
bridization probes or ligated into BamH I'and Hinc Il-digested
pGEM-3Zf(—) and linearized with Hind III for transcription
of in vitro cleavage substrates.

Templates for transcription of CR3 hybridization probes
were prepared using 5'-GCACCTGGATCCGAAAAGTTC
GCTGCTGGT-3" and 5'-GACCGTGGATCCCGGATAAGAA
AGCAACAC-3' to prime amplification of a 297-base pair
fragment spanning the CR3 insertion site that was digested
with BamH I and inserted into pGEM-4Z in the antisense
orientation relative to the T7 promoter and linearized by
digestion with Nde I.

A Cla I-Kpn 1 fragment of the yeast ACT1 gene (kindly
provided by Allan Jacobson) was inserted into Acc I-Kpn 1-
digested pGEM-3Zf(—) and linearized with Hind III for tran-
scription of hybridization probes.

pGEM and pRS316 derivatives were propagated in Esch-
erichia coli strains TG-1 (Sambrook et al., 1989), IM109 (Yanisch-
Perron, 1985), or MV1190 [supE, thi, A(lac-proAB), A(srl-
recA)306:TN10, [F', proAB™, laclv, lacZAM15], a generous
gift of M. Volkert. pRS316 derivatives were propagated in
Saccharomyces cerevisiae strain N218 (mat a, ura3-52, rpbl-1,
his3 A200) carrying a temperature-sensitive allele of the j
subunit of RNA polymerase II (Nonet et al., 1987).

Preparation and quantitation of RNAs

RNA was extracted from yeast using a 50 mM NaCO,CH,,
10 mM EDTA, 1% SDS, pH 5.0, buffer and phenol at 68 °C as
described (Kohrer & Domdey, 1991) except that yeast were
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frozen in a dry ice/ethanol bath immediately after pelleting
and RNA was stored in 10 mM NaCO,CH;, 1 mM EDTA,
pH 5, at =20 °C or at 4 °C when in use. Yeast RNA also was
extracted in LiCl buffer (Kaiser et al., 1994) for control ex-
periments.

32P-labeled RNAs were prepared by T7 RNA polymerase
transcription of linearized plasmids, as described (Milligan
& Uhlenbeck, 1989), in 10-uL reactions with 300 ng template,
0.1 mg/mL T7 RNA polymerase, 40 uCi [a-**P] ATP or [a-**P]
CTP with the corresponding nucleotide triphosphate at a
concentration of 0.2 mM and 2.0 mM each of the remaining
three nucleotides at pH 7.5 for 30 min at 37 °C. For transcrip-
tion of unlabeled RNAs, nucleotide triphosphate and MgCl,
concentrations were increased to 4 mM and 27 mM, respec-
tively. Transcripts were fractionated on denaturing gels and
eluted into 100 mM NaCO,CH;, 10 mM EDTA, pH 5, at 4 °C.
The fraction that remained uncleaved after transcription was
kept intact by storage in 10 mM NaCO-CHj;, 1 mM EDTA,
pH 5. 3P RNA concentrations were determined from spe-
cific activities. Unlabeled RNA concentrations were calcu-
lated from absorbance at 260 nm assuming a residue extinction
coefficient of 6.6 X 10° M "' ecm .

Yeast RNAs were identified and quantitated using
hybridization-RNase protection assays as described (Sam-
brook et al., 1989) with 10 ug yeast RNA and 75,000 CPM
32P-labeled probe in each reaction. After hybridization for
12-16 h at 45 °C and digestion with 40 pg/mL RNase A and
2 ug/mL RNase T; at 25 °C for 30 min, protected fragments
were fractionated on denaturing gels and quantitated by
radioanalytic scanning (Molecular Dynamics). In control ex-
periments with in vitro transcripts, hybridization reactions
contained 0.1 ng transcript and 10 ug carrier tRNA was added
during RNase digestion.

Two fragments corresponding to genomic mRNA sequences
upstream and downstream of the hairpin insertion site ap-
peared in equal amounts, confirming that large and small
fragments are detected with the same sensitivity. Radio-
active signal increased proportionately when yeast RNA was
increased from 10 to 40 ug, confirming linearity. Yeast RNA
concentrations were normalized to the amount of genomic
PGKI mRNA in yeast grown in glucose or to ACT1 mRNA in
yeast grown in galactose. Reported mRNA levels are the
average of 3-10 experiments.

Kinetic analysis in vitro

Self-cleavage kinetics were measured in vitro using un-
cleaved chimeric RNAs that were fractionated from in vitro
transcription reactions on denaturing gels. *>P RNA was di-
luted into 5 mM NaCO,CH;, 0.1 mM EDTA, pH 5, to 30 pM,
incubated at 70 °C for 2 min, then equilibrated at 24 °C. Re-
actions were initiated by threefold dilution into 50 mM Tris-
Cl, 10 mM MgCl,, 0.1 mM EDTA, pH 7.5, at 24 °C. Samples
were removed at intervals, quenched by threefold dilution
into 8 M urea, 25 mM EDTA, 0.002% xylene cyanole, 0.002%
bromophenol blue, and fractionated on denaturing gels.
Cleavage rates varied less than 3.0% among multiple exper-
iments.

Kinetic analysis in vivo

mRNA decay rates were determined as described (Parker
et al., 1991). Yeasts were grown to an absorbance of 0.2 at
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600 nm at 24 °C in minimal medium (0.67% yeast nitrogen
base without amino acids) with 1-histidine (20 mg/L), leu-
cine (30 mg/L), and 2% raffinose. Yeasts were pelleted, re-
suspended in 1/10 volume of minimal medium but with 4%
galactose, and incubated at 24 °C for 2 h, then pelleted and
resuspended in minimal medium with 4% glucose to pre-
vent further transcription at the start of the decay time course.
Samples were collected at intervals and RNA was extracted
and quantitated using hybridization-RNase protection as-
says as described above.
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