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In vitro selection of active hairpin
ribozymes by sequential RNA-catalyzed
cleavage and ligation reactions
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In vitro selection methods provide rapid and extremely powerful tools for elucidating interactions within and
between macromolecules. Here, we describe the development of an in vitro selection procedure that permits
the rapid isolation and evaluation of functional hairpin ribozymes from a complex pool of sequence variants
containing an extremely low frequency of catalytically proficient molecules. We have used this method to
analyze the sequence requirements of two regions of the ribozyme-substrate complex: a 7-nucleotide internal
loop within the ribozyme that is essential for catalytic function and substrate sequences surrounding the
cleavage-ligation site. Results indicate that only 3 of the 16,384 internal loop variants examined have high
cleavage and ligation activity and that the ribozyme has a strong requirement for guanosine immediately 3’ to

the cleavage-ligation site.
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The hairpin ribozyme catalyzes a site-specific RNA
cleavage reaction that yields products with 5'-hydroxyl
and 2’,3'-cyclic phosphate termini (Feldstein et al. 1989;
Hampel and Tritz 1989; Haseloff and Gerlach 1989). In
the context of its naturally occurring form, the minus
strand of the satellite RNA of tobacco ringspot virus, the
reaction is reversible and ligation serves to join the ends
of linear monomers to form circular monomeric RNAs
(Prody et al. 1986; Van Tol et al. 1991). Figure 1 shows a
model of the secondary structure of the complex formed
between the hairpin ribozyme and its substrate. This
model is based on RNA folding programs and limited
phylogenetic and mutational data (Hampel and Tritz
1989; Hampel et al. 1990; Rubino et al. 1990). The ri-
bozyme interacts with its substrate through two short
intermolecular helices, one of 6 bp {helix 1) and one of 4
bp (helix 2). Four bases surrounding the cleavage-liga-
tion site (A | GUC) are drawn as unpaired in Figure 1 but
may participate in as yet undetermined interactions, for
example, tertiary interactions or a pseudoknot.

Little is known about the structure—function relation-
ship of the hairpin ribozyme. Biochemical methods for
identifying important sequences and structures involve
site-directed or regional mutagenesis followed by se-
quencing and activity assays of individual molecular
clones. These methods are powerful, but their applica-
tion is time-consuming and costly. In vivo screening or

!Corresponding author.

selection schemes with natural or surrogate phenotypes
(Price and Cech 1985; Waring et al. 1985) are useful but
are difficult to apply to some ribozyme systems, includ-
ing the system studied here. A further problem is that
only three naturally occurring hairpin ribozymes are
known {Rubino et al. 1990). They show little sequence
variation, so that comparative sequence analysis (James
et al. 1989) yields little information concerning their
structure and function.

In this paper we describe an in vitro selection method
that has been developed in our laboratory to overcome
these disadvantages. This method allows either active or
inactive ribozymes to be isolated from a large and com-
plex pool of variants. We chose two regions of the com-
plex, one within the ribozyme and one in the substrate,
for the initial application of this technique (Fig. 1). The
ribozyme target was chosen for initial analysis because it
is within an internal loop and is partially protected from
nuclease digestion by a noncleavable substrate analog (B.
Chowrira and J. Burke, unpubl.), suggesting that this re-
gion of the ribozyme may interact with the substrate or
undergo a conformational change upon substrate bind-
ing. Results indicate that this internal loop segment has
strict sequence requirements and is of critical impor-
tance for catalytic function of the enzyme. The substrate
target was composed of the 4 unpaired bases surrounding
the cleavage-ligation site, as described above. These ex-
periments allow us to conclude that multiple base sub-
stitutions at substrate positions —1, +2, and +3 do not
eliminate cleavage and ligation activity. In striking con-
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Figure 1. Self-cleaving hairpin ribozyme construct. Secondary
structure model of the hairpin ribozyme construct used in this
work. Uppercase letters indicate ribozyme; lowercase letters
indicate substrate. The arrow indicates cleavage-ligation site.
Pentacytidine linker joining ribozyme and substrate is indicated
by broken lines. Boxes indicate nucleotides studied in this
work. 5’ and 3’ extensions of the sequences serve as primer-
binding sites for cDNA synthesis and PCR amplification in the
selection experiments.

trast, however, substitutions of G, ,, the base immedi-
ately to the 3’ side of the cleavage-ligation site, are not
tolerated. Recently, we have demonstrated that the
2-amino group of G, ; is an indispensable component of
the active site of the hairpin ribozyme (Chowrira et al.
1991).

Results
In vitro selection

A self-cleaving RNA molecule was constructed for use in
the in vitro selection experiments in which the 5’ end of
the substrate was tethered to the 3’ end of the ribozyme
by a pentacytidine linker (Fig. 1). This molecule was gen-
erated by in vitro transcription of a double-stranded syn-
thetic DNA template that was generated from overlap-
ping single-stranded oligonucleotides (Fig. 2). The RNA
transcript contains extra sequences at both the 5’ and 3’
ends. These sequences serve as primer-binding sites for
cDNA synthesis and amplification during the selection
protocol, and they also serve to introduce restriction
sites to be used in cloning the amplified cDNA. Se-
quence variation is introduced into the system during
the solid-phase chemical synthesis of DNA by generat-
ing base substitutions in the oligonucleotides used to
assemble the DNA template for transcription.

The method operates to select molecules that are ac-
tive for both cleavage and ligation in the following man-
ner {Fig. 2). Active molecules lose the binding site for
primer 2 {P2) in the self-cleavage step. After gel purifica-
tion, the ribozyme-containing 5'-cleavage product, end-
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ing in a 2’,3'-cyclic phosphate, is incubated with a large
molar excess of a mixed RNA-DNA oligomer containing
a 5' OH that can be ligated to the 3’ ends of the cleavage
product in a ribozyme-catalyzed reaction. The 5’ end of
this oligomer is RNA and contains nucleotides G, ; to
U, of the substrate (Fig. 1). The 3’ end is DNA and
serves as a binding site for a different primer (P3). Thus,
molecules active for both cleavage and ligation lose the
binding site for P2 and acquire the binding site for P3.
Active molecules are selected by initiating cDNA syn-
thesis with P3 and amplifying with primer 1 (P1} and P3,
using the polymerase chain reaction (PCR). Inactive mol-
ecules are gel purified and then selectively copied into
c¢DNA and amplified using P1 and P2. PCR products are
cloned and sequenced to identify variants arising from
the positive and negative selections. Activity of mole-
cules selected as active is confirmed by assaying self-
cleavage activity of runoff RNAs generated by transcrip-
tion of linearized plasmids. Sequence analysis of cDNA
clones from ribozyme variants selected as inactive serves
to confirm that the desired level of sequence variation
was introduced into the population of variants. The two-
step selection strategy prevents the selection of inactive
molecules that have undergone cleavage in trans by ac-
tive ribozymes. Note that this technique as employed
cannot be used to select any variants that are active for
self-cleavage but inactive for ligation.

Analysis of a ribozyme internal loop
Sequences encoding the 3’ segment of the ribozyme in-
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Figure 2. In vitro selection of active and inactive hairpin ri-
bozyme variants. Details of the protocol are given in Materials
and methods. () Mutation site. {[P1-P3) Sequences that serve as
primer-binding sites for cDNA synthesis and PCR amplifica-
tion.
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ternal loop were randomized by incorporating equimolar
quantities of dG, dA, dT, and dC into the DNA template
at positions corresponding to nucleotides 38—44 of the
ribozyme (Fig. 1), vielding an initial population of 47
(16,384) sequence variants. A wild-type template was
synthesized as a control. After transcription, the wild-
type self-cleaving RNA underwent nearly quantitative
cleavage upon synthesis (Fig. 3A, lane 1). In contrast, no
cleavage products were observed by autoradiography
when the pool of internal loop variants was transcribed
{lane 2), indicating that the great majority of internal
loop variants are catalytically inactive.

In the ligation reaction, the radiolabeled and gel-puri-
fied larger cleavage product, containing the ribozyme
and the 5’-substrate segment, was incubated in the pres-
ence of a large molar excess of an unlabeled analog of the
3'-cleavage product (ligation substrate). After optimiza-
tion of the ligation reaction using the wild-type mole-
cule, the steady-state proportion of ligation product was
observed to be 20-30% of the input ribozyme-containing
fragment (Fig. 3B). Efforts to further increase the propor-
tion of ligated reaction products have been unsuccessful,
presumably because the product of the ligation reaction
can undergo cleavage immediately while it remains
bound to the ribozyme.

Using the population of internal loop variants de-
scribed above, we applied our new method to selectively
clone cDNA copies of active and inactive ribozymes (Fig.
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Figure 3. Self-cleavage and ligation by the hairpin ribozyme.
(A) Self-cleavage of the RNA obtained by transcription of the
wild-type DNA template {lane 1) and the randomized pool of
ribozyme internal loop variants (lane 2). (Pre-) Full-length uncut
precursor RNA. (5'P-) 5'-Cleavage product of the self-cleaving
molecule. This cleavage product contains the ribozyme and
substrate sequences to the 5’ side of the cleavage-ligation site.
[3'P-} 3'-Cleavage product. Assembly and transcription of DNA
templates were carried out as described in Materials and meth-
ods. An autoradiograph of denaturing 10% polyacrylamide—urea
gel is shown. (B) RNA-catalyzed ligation by the hairpin ri-
bozyme. An amount of 0.1 pmole (5 nm) of the 3>P-labeled wild-
type ribozyme-containing 5'-cleavage product was incubated
with a 600-fold excess of the unlabeled analog of the 3'-cleavage
product {ligation substrate), as described in Materials and meth-
ods for the indicated times. Under these conditions, maximal
conversion of 5'P to product was 25-30% and occurred between
20 and 30 min. (M) Purified full-length uncleaved precursor was
used as marker.
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4). From the library of inactive cDNA clones that were
obtained, 20 were chosen randomly for sequencing (Fig.
4A). As expected, sequence variation was only observed
in the region corresponding to the internal loop. Among
the 20 inactive clones, each of the 4 nucleotides appeared
in all seven targeted positions, confirming that the pop-
ulation of molecules was random. Thirty cDNA clones
from the cDNA library of active molecules were chosen
for sequencing (Fig. 4B). Strikingly, the sequence of each
active clone was very close to the wild-type sequence.
The wild-type sequence was identified in 11 of the 30
clones. No sequence variation from wild type was ob-
served at four positions of the active molecules, Azq, U,
U,,, and C,,. Thirteen clones contained only a single-
base substitution at Us,,, changing that base to C (eight
clones) or A (five clones). Five clones had two mutations,
U;,C and either A,;G (four clones) or A,,C (one clone).
One clone had only the A,,G substitution.
Self-cleavage assays were carried out to measure the
activity of RNA transcripts from the selected cDNAs.
Transcripts from each of the five clones chosen ran-
domly from the inactive pool showed no self-cleavage
activity (data not shown). All six different sequences se-
lected as active showed significant catalytic activity in
vitro (Fig. 4C). Catalytic activity of the six active se-
quences was proportional to the frequency of the corre-
sponding cDNA clones in the library (see Discussion).

Analysis of the cleavage-ligation site

For analysis of the 4-base unpaired substrate region sur-
rounding the cleavage-ligation site, we randomized the
appropriate sites in the DNA template to generate an
initial pool of 4* (256) sequence variants. For the selec-
tion of active molecules in this experiment, a modifica-
tion of the procedure was required, as the nucleotides at
three of the four mutagenized sites are lost during the
first selection step (self-cleavage). Therefore, the second
selection step (ligation) used a different ligation sub-
strate in which the 3 bases at the 5’ end were also ran-
domized (positions corresponding to nucleotides +1,
+2, and +3; Fig. 1}. Thirty-three clones obtained from
the ¢cDNA library of active molecules were sequenced,
along with 15 cDNA clones of inactive self-cleaving
molecules. Self-cleavage assays indicated that molecules
selected as active always showed self-cleavage activity in
this assay, except in two cases where additional muta-
tions within the ribozyme (presumably resulting from
errors during cDNA synthesis or PCR amplification after
cleavage and ligation) were present.

Results of sequencing (Fig. 5) revealed a dramatic dif-
ference between the pools of active and inactive mole-
cules. Of the 33 clones of active molecules examined, all
contained G at position + 1, whereas none of the inac-
tive molecules contained G at +1. No significant bias
was seen at any of the other positions in either the active
or inactive pools. These results demonstrate that all
molecules lacking G ; are inactive and strongly suggest
that all substrate variants containing G, , have signifi-
cant self-cleavage and ligation activity. However, it is

GENES & DEVELOPMENT 131


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press

Berzal-Herranz et al.

A Asw Uy Ay Uy Uy, Ay Cu
Al2 6 3 4 5 a4 6
cls 8 9 7 8 6 8
G|9 2 6 3 3 5 3
uij1 4 2 6 4 5 3

Figure 4. Selection of active and inactive molecules from a randomized pool of ribozyme
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internal loop variants. (A) Base frequencies of inactive molecules. Twenty cDNA clones of
inactive molecules were sequenced. The frequency of nucleotides at each position of the 3’

segment of the ribozyme internal loop (positions 38—44, Fig. 1] is indicated. (B) Clone frequen-
cies of active molecules. Thirty ¢cDNA clones of active molecules were sequenced. Bases
differing from wild type are indicated; dots indicate same sequence as wild type. Wild-type 5'P-
sequence is shown at top. Numbers of clones isolated with the indicated sequence are shown
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at right. {C) Self-cleavage assays, performed as described in Materials and methods. Lane num-
bers correspond to sequences shown in B. Autoradiograph of denaturing 10% polyacrylamide—

urea gel is shown.

clear that the sequences at other positions can substan-
tially affect the rate of cleavage, as significant differences
in self-cleavage activity were noted among the variant
molecules selected as active (data not shown).

Discussion

In vitro selection techniques {for review, see Abelson

A Active Inactive
A'GGG  C'GUA A'ACC  U'AAU
AlGGu  c'eua C'AAC  UYACA
A'GUG  c'Guu (6) | ctaca  U'caa
A'GUU  G'GGC c'cac  U'ucu
ClGAA (2) G'GGG (2) | C'cAu
clGac 3) G'aGu ctece
C'GAG (2) U'GAC cteou
C'GAU (2) U'GGU creuaG (2)
clecu  U'Guag cluga
c‘aGa  U'Guu G'AUA
cl'GGU (2)
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Figure 5. Selection of active and inactive molecules from a
randomized pool of cleavage-ligation site variants. (A) Se-
quences of active and inactive molecules (clone frequencies).
The sequences of 33 active and 15 inactive cleavage-ligation
site variants, selected as described in Materials and methods,
are shown. The vertical arrow indicates cleavage-ligation site.
Boldface letters indicate position + 1. {B) Frequency of occur-
rence of bases at each position in active and inactive popula-
tions.
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1990) have recently, been applied to the analysis of inter-
actions between RNA and natural or synthetic ligands
(Ellington and Szostak 1990; Tuerk and Gold 1990) and
the structure—activity relationships of self-splicing group
I ribozymes (Green et al. 1990; Robertson and Joyce
1990). These techniques permit the investigator to sur-
vey rapidly large numbers of molecules containing mul-
tiple base substitutions, without requiring synthesis and
characterization of individual variant sequences. In this
paper we have described the development of an in vitro
selection method for the analysis of the hairpin ri-
bozyme. This method is novel in two respects. First, it is
used to analyze a small, trans-acting ribozyme that may
be useful for RNA-targeting experiments (Cech 1988);
second, it uses a two-step selection based on sequential
RNA-catalyzed cleavage and ligation reactions.

The critical feature of the selection of active hairpin
ribozymes is the acquisition of a new primer binding site
(P3) in the RN A-catalyzed ligation reaction. We assume
that ligation proceeds by simple reversal of the cleavage
reaction, but this is not firmly established. We expect
that an analogous selection method could be developed
for other small trans-acting ribozymes, for example, the
hammerhead ribozyme, if conditions favoring a ligation
reaction can be identified.

We have applied the selection method to two impor-
tant regions of the ribozyme—substrate complex, one be-
ing an internal loop residing entirely within the ri-
bozyme, and the other spanning the cleavage-ligation
site of the substrate.

Results of the ribozyme internal loop selection indi-
cate that Ajg, U,,, U,,, and C,, are essential for cleav-
age-ligation activity of the ribozyme and imply that no
base substitutions at these sites may be tolerated under
the conditions used for selection. Two models would
explain these observations. First, each of these 4 bases
could participate in essential secondary or, more likely,
tertiary interactions with other sites in the ribozyme.
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Second, one or more of the bases could participate di-
rectly in active site chemistry. If tertiary interactions
involving these sites are essential, then some [e.g., triple
base pairs {(Michel et al. 1990)] may be identified with
appropriate in vitro selection experiments using varia-
tions of the selection method described here. Such ex-
periments are under way in our laboratory. Our results
are consistent with the limited phylogenetic data avail-
able for this group of ribozymes, which indicates that
very little sequence variability is present in this internal
loop among the naturally occurring variants (Rubino et
al. 1990).

It is significant that each of the four active ribozyme
sequences obtained from this selection that is repre-
sented by multiple clones (wild type, UzgA, Uy,C, and
U,;,C : A,;G) has considerably greater self-cleavage ac-
tivity than each of the sequences represented by single
clones (A,;G and U, C @ A,,C]) (Fig. 4B,C|. This indicates
that the frequency of active variants in the population of
c¢DNA clones is related to the activity of the correspond-
ing variant ribozymes. Thus, subjecting the pool of vari-
ants to multiple rounds of selection (Fig. 2) is expected to
increase the frequency of the most active ribozymes in
the population, allowing the technique to be used to
identify ribozymes with optimal cleavage-ligation activ-
ity. In the case of a pool of variants containing a very
small number of active molecules, such as the ribozyme
internal loop randomization described here, multiple
rounds of selection are not needed for the identification
of optimally active variants.

We expect that it will be necessary to adjust empiri-
cally selection conditions or the number of rounds of
selection, or both, for each selection experiment that is
initiated to obtain the optimal degree of selectivity. Too
stringent a selection may result in the loss of informa-
tive sequences with slightly suboptimal activity. In con-
trast, a selection that is not stringent enough will result
in a population of variants that is too complex to be
characterized adequately by sequencing and activity as-
says.

The in vitro selection of active molecules after ran-
domization of the bases surrounding the cleavage-liga-
tion site {positions — 1 through + 3) represents a substan-
tially different experiment. In the selection for active
molecules, the base at position —1 is subjected to both
selective steps. In contrast, the bases at positions +1
through + 3 are not subject to selection during the cleav-
age step, as they are dissociated from the ribozyme-5'-
substrate fragment by the cleavage reaction and are
therefore subject to selection only during the ligation
step. The observation that there is a strong bias at posi-
tion + 1 in the molecules selected as active directly dem-
onstrates that the ligation step is selective.

Results from the substrate selection experiments indi-
cate that active molecules (selected by ligation) always
contain G at the position immediately 3’ of the cleav-
age-ligation site (position +1) and that all molecules
lacking G, ; are inactive for cleavage and ligation. These
results support independent experiments in our labora-
tory, which have shown that G, is required for the

In vitro selection of hairpin ribozymes

trans-cleavage reaction, because its 2-amino group plays
an essential role in active site chemistry {(Chowrira et al.
1991). Our results strongly suggest that the ribozyme is
capable of cleaving all variants at positions —1, +2, and
+3, as long as G ;, helix 1, and helix 2 are unchanged.
We have documented both self-cleavage and ligation ac-
tivities for a number of multiple variants, including ex-
amples with 3-base substitutions in the internal loop
encompassing the cleavage-ligation site. The lack of
cleavage of G, , variants that contain G at —1 or +2
demonstrates that there is a strong positional effect for
the scissile phosphodiester bond. The structural basis for
this positional effect is not known. The common guano-
sine requirement for both cleavage and ligation supports
the notion that ligation is a simple reversal of the cleav-
age reaction.

Currently, we are using the in vitro selection method
to carry out a comprehensive structure—function analy-
sis of the entire ribozyme and substrate. Important ap-
plications of the selection system will be, first, to map
secondary and tertiary interactions that will be critical
in developing an accurate three-dimensional structure
model of the ribozyme, and second, to select ribozymes
with optimal cleavage activity against foreign target se-
quences for use as site-specific RNA cleavage tools in
vitro, or as mRNA-inactivating reagents in vivo. Further-
more, as the selection scheme is entirely an in vitro pro-
cess, it can be applied to select variant ribozymes with
increased activity under different conditions. For exam-
ple, if a nuclease-resistant ribozyme is needed for use in
the mammalian cytoplasm, then the selection experi-
ments can be carried out in a cytoplasmic extract.

Materials and methods
Plasmid and bacterial strains

Plasmid pGEM-3Zf{ — ) (Promega) was used for cloning of cDNA
from both active and inactive molecules. The Escherichia coli
strain DH5a (F, endA1, hsdR17, supE44, thy-1, recAl, gyrA96,
relAl, (AargF-lacZYA)U196, $80AlacZM15) was used as host
for the individual clones.

Synthesis of oligonucleotides

All oligonucleotides were synthesized using solid-phase phos-
phoramidite chemistry on an Applied Biosystems 392 DNA~
RNA synthesizer and purified as described (Scaringe et al. 1990;
Chowrira and Burke 1991). Randomization of oligonucleotides
was introduced during their synthesis by incorporating equimo-
lar quantities of dA, dC, dG, and dT at targeted positions.

Isolation of active and inactive self-cleaving RNA molecules

The template for transcription of variant ribozyme pools is as-
sembled by annealing and extension of two overlapping syn-
thetic oligonucleotides, a 36-mer containing a T7 promoter and
primer-binding site P1 (5’- TAATACGACTCACTATAGGGT-
ACGCTCCGAATTCGG-3’), and a 106-mer containing anti-
sense sequences of the ribozyme, C; linker, substrate, and
primer-binding site P2 (5'-GCGACTGCAGCTCGAGGCAAA-
CAGGACTGTCAGGGGGTACCAGGTAATATACCACAA-
CGTGTGTTTCTCTGGTTGACTTCTCTGTTTCCGAATT-
CGGAGCGTACCC-3’). Transcription of templates with T7
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RNA polymerase was carried out in a buffer containing 13
mm MgCl,, 2 mm spermidine, 40 mm Tris-HCI (pH 7.5), and
0.5 mMm GTP, ATP, UTP, and CTP. Self-cleavage proceeded in
the transcription buffer during the 5-hr incubation at 37°C.
The ribozyme-containing 5'-cleavage product of the active
molecules and uncleaved RNA molecules were gel purified
separately.

RNA-catalyzed ligation

For ligation experiments, the cleavage product containing the
ribozyme and the 5'-substrate fragment {terminating with a
2',3'-cyclic phosphate) was incubated with a large excess {60
100 pmoles) of a ligation substrate (an analog of 3'P) at 4°C in
ligation buffer for 30 min (Fig. 3). The ligation buffer was iden-
tical to transcription—cleavage buffer described above, except
that MgCl, was 12 mm and NTPs were omitted. The ligation
substrate was a mixed RNA-DNA polymer containing the se-
quence corresponding to the 3'-cleavage product and a binding
site for P3 (5'-GUCCUGUUUCGCAGATCTAGACGC-3/, ri-
bonucleotides underlined, deoxyribonucleotides in plain type).
Before the reaction, RN As were renatured by heating to 95°C for
1.5 min in the reaction buffer, then cooled on ice for 30 min.
Reactions were terminated by addition of an equal volume of
loading buffer (92% formamide, 17 mm EDTA, 0.025% brom-
phenol blue, and 0.025% xylene cyanol). The ligation product
was gel purified.

Amplification and sequencing of active and inactive
molecules

c¢DNA synthesis was initiated by annealing P2 (5'-GCGACTG-
CAGCTCGAGGC to gel-purified inactive molecules and P3
(GCGTCTAGAGATCTGCG-3') to gel-purified ligation prod-
ucts. Annealing was performed by heating to 70°C for 5 min,
followed by slow cooling to 40°C in 0.4 X reaction buffer. cDNA
was synthesized at 40°C in a buffer containing 60 mm NaCl, 6
mm MgCl,, 50 mm Tris-HCI (pH 8.3), 10 mm DTT, 1 mm each
dNTP and 98 units of AMV reverse transcriptase (Molecular
Genetics Resources). cDNA was amplified by PCR after adding
P1 (5'-GGTACGCTCCGAATTCGG-3'), gel-purified, and cloned
into plasmid pGEM-3Zf{ — ) (Promega) using specific restriction
sites contained in P1 (EcoRl), P2 (Pstl), and P3 (Xbal). DNA
sequence analysis (Sanger et al. 1977) of small-scale plasmid
preparations was done by using standard methods.

Self-cleavage assays

For the self-cleavage assays, 32P-labeled transcripts were gener-
ated by runoff transcription of BglIl- or Xhol-digested plasmids,
for clones selected as active or inactive, respectively. (These
restriction enzyme sites are encoded in P3 or P2, respectively.)
Transcription was carried out for 2 hr as described above, except
0.01% of Triton X-100 was added.
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