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In vivo selection of better self-splicing introns in
Escherichia coli : The role of the P1 extension
helix of the Tetrahymena intron
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Howard Hughes Medical Institute, Department of Chemistry and Biochemistry,
University of Colorado, Boulder, Colorado 80309-0215, USA

ABSTRACT

In vivo selection was used to improve the activity of the Tetrahymena pre-rRNA self-splicing intron in the context of
heterologous exons. The intron was engineered into a kanamycin nucleotidyltransferase gene, with the pairing
between intron bases and the 5 ' and 3’ splice sites maintained. The initial construct failed to confer kanamycin
resistance on Escherichia coli , although the pre-mRNA was active in splicing in vitro. Random mutation libraries were
constructed to identify active intron variants in E. coli. All the active mutants sequenced contained mutations dis-
rupting a base-paired region above the paired region P1 (referred to as the P1 extension region or P1ex) that involves

the very 5 ' end of the intron. Subsequent site-directed mutagenesis confirmed that these P1lex mutations are respon-

sible and sufficient to activate the intron splicing in

E. coli. Thus, it appears that too strong of a secondary structure

in the P1lex element can be inhibitory to splicing in vivo. In vitro splicing assays demonstrated that two P1lex mutant

constructs splice six to eight times faster than the designed construct at 40

uM GTP concentration. The relative

reaction rates of the mutant constructs compared to the original design are further increased at a lower GTP con-
centration. Possible mechanisms by which the disrupted P1ex structure could influence splicing rates are discussed.
This study emphasizes the value of using libraries of random mutations to improve the activity of ribozymes in

heterologous contexts in vivo.

Keywords: catalytic RNA; group | intron; kanamycin nucleotidyltransferase; ribozyme; splicing rate enhancement

INTRODUCTION

The group | introns, the family to which the Tetra-
hymena intron belongs, catalyze their own splicing in
two sequential transesterification reactions to produce
accurately ligated exons and a spliced intron with an
exogenous guanosine (G) linked at its 5’ end (Cech,
1990). In the past two decades, extensive genetic and
biochemical studies have elucidated the essential ele-
ments of this group of self-splicing RNAs or ribozymes.
A5’ region of the intron referred to as the internal guide
sequence (IGS), which base pairs with the 5’ exon to
form the paired region 1 (P1), is responsible for the
recognition of the 5’ exon sequence (Been & Cech,
1986; Waring et al., 1986). A GU wobble base pair at

Reprint requests to: Thomas R. Cech, Howard Hughes Medical
Institute, Department of Chemistry and Biochemistry, University of
Colorado, Boulder, Colorado 80309-0215, USA; e-mail: Thomas.
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the 5’ splice site is required for the cleavage reaction
(Strobel & Cech, 1995). In the first step of the splicing
reaction, G or one of its 5’ phosphorylated derivatives
binds in a specific site on the ribozyme (Bass & Cech,
1984; Michel et al., 1989) and cleaves at the 5’ splice
site to become covalently attached at the 5’ end of the
intron (Cech et al., 1981). In the second step, the 3’
hydroxyl of the 5’ exon, which remains bound to the
intron, attacks the phosphodiester linkage at the 3’ splice
site to form the products.

In recent years, a number of studies have addressed
the question of how to make such ribozymes work bet-
ter in different contexts. For example, in vitro selection
was used to identify mutations that activate the Tetfra-
hymena ribozyme when Ca?" is substituted for Mg?*
in the solution (Lehman & Joyce, 1993) or that increase
the folding rate of its P3—P7 domain (Treiber et al.,
1998). Small insertions and deletions in the noncon-
served joint between paired regions P1 and P2 (re-
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ferred to as J1/2) were found to enhance the turnover
number and sequence specificity of ribozyme-catalyzed
cleavage by decreasing the binding affinity of the RNA
substrate (Young et al., 1991). A systematic approach
based on biochemical knowledge was successfully used
to optimize the substrate specificity in a trans-splicing
reaction of the Tetrahymena ribozyme (Zarrinkar & Sul-
lenger, 1999).

The IGS is an essential element for exon recognition
(Davies et al., 1982; Cech, 1990), but a complete un-
derstanding of how to engineer a group | intron into an
arbitrary exon context to activate the splicing reaction
is lacking. For example, the work of Woodson has il-
lustrated how different exon structures can affect splic-
ing and reverse splicing in vitro and in vivo in Escherichia
coli (Woodson & Cech, 1991; Woodson & Emerick,
1993; Roman & Woodson, 1995, 1998). Furthermore,
the Tetrahymena intron inserted in a luciferase gene
gives a 10-fold range of splicing activity in mammalian
cells depending on the location of the insertion (Hagen
& Cech, 1999). In the present work, we show how a
designed insertion of the Tetrahymenaintron in a kana-
mycin resistance gene that is initially inactive in E. coli
can be rescued by in vivo selection for active mutants.
In the process, we reveal the importance of a helical
extension of the P1 helix, which is referred to as the P1
extension (or Plex).
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RESULTS

In vivo selection of active intron variants

In an attempt to select for intron variants that splice at
high temperature in thermophilic bacteria, the Tetra-
hymena group | intron was inserted into a thermally
stable kanamycin nucleotidyltransferase (KNT) gene
(Matsumura et al., 1984, Liao et al., 1986) at position
119 downstream of the translational start site to pro-
duce Tet-119. In the design of Tet-119, bases 15-20
within the IGS (bases 15-27) were modified to base
pair with the 3’ exon sequence (the resulting helix is
referred to as paired region 10, or P10), as the wild-
type intron does with the large subunit rRNA 3’ exon
(Fig. 1A,B). At the same time, nt 3 and 4 near the 5’ end
of the intron were altered to maintain pairing in the
extension of the P1 helix (P1ex). This pre-mRNA con-
struct was tested and found to be competent for RNA
splicing in vitro (data not shown). Nevertheless, Tet-
119 conferred kanamycin resistance (KanR) neither on
the thermophile Thermus thermophilus nor on E. coli.

A kinetic RT-PCR experiment (measurement of
amount of the PCR product as a function of PCR cycle
number; Wiesner, 1992) was performed to check for
any effect of the intron insertion on steady-state mMRNA
level. The results showed that E. coli cells transformed

B
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& A A U—A
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FIGURE 1. Design of the Tetrahymena intron insertion Tet-119 into
the KNT gene (A) and comparison to the natural intron sequence (B).
The exon sequences are in lower case. One arrow shows the site of
attack by guanosine (G), and the other arrow indicates the 3’ splice
site. The intron sequences of the P1 stem-loop, the P9.0, P10 helices
and the 3’ terminal G residue are drawn in capital letters and the
interconnecting nucleotides are represented by thick lines. Boxed
nucleotides form the P10 helix for the second step of splicing. The
shaded area represents the P1 extension (P1lex). C: The Plex muta-
tions identified in each active Tet-119 variant in the in vivo selection.
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with Tet-119 contained similar amount of KNT mRNA
as did those transformed with the plasmid with no in-
tron insert (data not shown). Thus, the discrepancy
between the in vivo and in vitro observations does
not appear to be due to differential mRNA stability, but
might instead be explained by a relatively slow splicing
reaction of the intron. The majority of the pre-mRNA
molecules could have been degraded before they un-
derwent proper splicing, resulting in little intact KNT
mMRNA for subsequent protein synthesis and thus the
lack of kanamycin resistance.

To test this explanation and possibly circumvent this
problem, we chose to employ in vivo selection. Ran-
dom mutations were introduced into the intron region
using mutagenic PCR (Fromant et al., 1995) at an av-
erage level of two mutations per gene. The mutation
pool (referred to as Tet-119mut) that contained the
unmodified exon sequences was generated by a sub-
sequent high-fidelity PCR reaction using two PCR-
amplified exon pieces and the mutated intron as the
template. The products of the second PCR were re-
striction digested and ligated into a pUC19-based vec-
tor to create the Tet-119mut library. This library was
transformed into E. coli and plated on LB agar dishes
containing ampicillin or various concentrations of kana-
mycin (Table 1A). The total number of transformants,
which is an approximate estimate for complexity of the
pool, was about 2 X 10°.

The Tet-119mut library did give colonies on the kana-
mycin plates, but in much fewer numbers than an equiv-
alent plating on an ampicillin plate (Table 1A). This
result suggested that only a small fraction of the pool
was active in splicing in vivo. As expected for such a
selection experiment, the number of colonies decreased
with increasing concentration of kanamycin. In con-
trast, a control mutation pool based on a splicing-
inactive version of the Tetrahymena intron (Sullenger
& Cech, 1994), Tet-119A237-330mut, gave very few
transformants on the kanamycin plates (Table 1A).
Restriction enzyme cleavage analysis revealed that
the colonies on these plates represented a trace
amount of contamination from the KNT gene with no

TABLE 1A . Plating results—number of colonies.?

Kanamycin (uxg/mL)

Ampicillin
Plasmid transformed 10 20 30 40 50 100 pg/mL
Kan (no intron) 104 10* 10* 10* 10% 104
Tet-119 0 0 0 0 0 104
Tet-119mut 200 128 140 80 60 2 X 10°
Tet-119A237-330mut 1 1 1 2 3 2 X 10°
No DNA 0 0 0 0 0 0
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intron insert, generated during construction of the mu-
tation pool.

Mutations in the P1 helix extension
promote activity

To elucidate the type of mutations rendering the Tet-
119 construct active, 10 colonies were cultured and
their plasmids were purified and sequenced. The se-
guencing results showed that each plasmid contained
two to four mutations in the intron region (Table 1B).
Interestingly, one of the mutations in each plasmid was
located in the helical region called Plex (Table 1B;
Fig. 1C). The rest of the mutations were spread through-
out the intron. On the basis of previous work, it was not
clear how these mutations could affect the splicing prop-
erties of the intron.

Previous studies have shown that the base pair inter-
actions in P1 plus tertiary interactions involving its
ribose—phosphate backbone are responsible for bind-
ing of the 5’ exon to the ribozyme core, setting up the
first step of splicing (Been & Cech, 1986; Waring et al.,
1986; Pyle et al., 1990; Szewczak et al., 1998). The last
residue of the 5’ exon, a uracil, forms an essential G-U
wobble pair with IGS, making a tertiary interaction with
the ribozyme active site through the exocyclic amine of
the G (Strobel & Cech, 1995). In contrast to the well-
established role of P1, there has been little report on
the P1 extension in the Tetrahymena intron. Phylo-
genetic analysis of group | introns revealed that this
region is not conserved (Michel & Westhof, 1990). In
fact, many group | introns do not have the P1 exten-
sion. Overall, our in vivo selection results suggested
that too strong of a P1ex helix may inhibit splicing. This
hypothesis is consistent with the fact that the Plex
element of Tet-119 contains 4 bp, with 2 of them GC
pairs, whereas the wild-type Tetrahymena intron Plex
has only three AU pairs (Fig. 1). The additional inter-
actions in Tet-119 might somehow render the splicing

TABLE 1B. Sequencing results of 10 colonies on the Tet-119mut/
kanamycin (50 ug/mL) plate.?

M1 G4A, U221A, A263U, U412C
M2 C20A, C170U

M3 U21A, G368U

M4 U21A, U130C

M5 G4A, U221A, A263U, U412C
M6 G3U, C127U

M7 U21A, U348A, G388A

M8 U21A, U131A

M9 G3A, A269U, U291G, A339A
M10 G3A, C41U, U409C

aThe Tet-119mut library, as well as several controls, were trans-
formed into the E. coli strain XL-1Blue MRF'. One-tenth of the trans-
formed cells were spread on each plate with the indicated
concentrations of kanamycin or ampicillin.

2Plasmids from 10 colonies on the plate containing 50 wg/mL
kanamycin were sequenced and the mutations in their intron region
are listed. Each plasmid contained a mutation in the Plex region
(highlighted in bold).
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of the designed construct slower than that of the wild-
type rRNA intron.

To test this hypothesis, the five P1lex mutations ob-
served (Fig. 1C) were individually introduced into the
Tet-119 plasmid and tested for their ability to confer
resistance to 50 ug/mL kanamycin on E. coli. All of
these mutants yielded similar numbers of colonies on
kanamycin and ampicillin plates, indicating that these
mutations are sufficient to confer KanR. In addition,
because random mutations were introduced through-
out the intron during construction of the initial pool, the
fact that P1lex is the only mutated region common to all
the active molecules sequenced argues that it is the
major modification that improves the splicing activity in
vivo. Indeed, when the P1lex mutation in clone M1 con-
taining four point mutations was reversed to the origi-
nal base (A — G at position 4), the construct became
inactive in E. coli. Therefore, these observations sug-
gest that the P1ex mutations are both responsible and
sufficient for in vivo splicing activity.

Plex mutants splice faster in vitro

Although the Plex mutations rendered the intron-
containing KNT gene active in vivo, it was not clear

A 5’exon
T7 promoter (1 19 nt)

5!
EcoRl

B
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whether this was achieved by directly accelerating in-
tron splicing. One alternative explanation was that these
mutations somehow increased the stability of the pre-
mRNA from nucleolytic degradation. This possibility was
ruled out by a kinetic RT-PCR experiment (Wiesner,
1992) showing similar mRNA levels in E. coli trans-
formed with Tet-119 or either of two arbitrarily picked
P1ex mutant constructs, G3A and C20A. Another alter-
native was that the mutations disrupted a binding site
for an inhibitory factor in E. coli. We investigated this
question by comparing these two Plex mutants with
Tet-119 in splicing assays in a protein-free solution.

In a pilot splicing experiment at 37 °C, the G3A mu-
tant was shown to splice much faster than Tet-119 pre-
mRNA in the context of a full-length 5’ exon and a
truncated (205 bases) 3’ exon (data not shown). How-
ever, the splicing of Tet-119 was so slow that it was
hard to obtain kinetic parameters. Therefore, the splic-
ing temperature was raised to 50°C to facilitate the
comparison of the mutants with Tet-119. In addition,
pre-mRNA with full-length KNT exons was used (Fig. 2A)
to better mimic the splicing in vivo.

In the next set of splicing experiments, the pre-
mRNA was uniformly labeled with 32P during transcrip-
tion and purified by denaturing gel electrophoresis.
Splicing reactions were incubated at 50 °C and initiated

3’exon

IVS (414 nt) (648 nt)
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FIGURE 2. A: Constructs of Tet-119 and the Plex mutants used in the T7 transcription of pre-mRNA. The number of
nucleotides in each region of the transcribed pre-mRNA is indicated. B: The major reactions that normally occur in
Tetrahymena intron self-splicing. In the productive pathway, GTP binds to the precursor RNA in a specific site of the intron
and cleaves the 5’ exon-intron junction with its 3" hydroxyl. After this cleavage step, the GTP becomes covalently attached
to the 5’ end of the intron. In the subsequent exon ligation reaction, the 3’ hydroxyl of the 5’ exon attacks the intron—-3’ exon
linkage to form a ligated exon and an intron with the exogenous G attached at its 5’ end. The spliced intron can also undergo
a circularization reaction in which its 3'-terminal G residue cleaves at an internal site near the 5’ end to produce a small
stretch of 5' RNA and a circular intron molecule. The newly formed phosphodiester bond in the circular intron can undergo
hydrolysis to give a linear intron molecule of a slightly smaller size than that of the full-length intron. The two intron—exon
junctions are also subject to a G-independent hydrolysis reaction to give several nonproductive species.
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by adding unlabeled guanosine triphosphate (GTP). The
pre-mRNAs disappeared over time, and the intensity of
the bands corresponding to the ligated exons and the
spliced intron increased for the mutants as well as the
wild-type RNA. A number of other reaction intermedi-
ates and products also formed in the splicing reaction
(Fig. 2B), some of which were identified and are indi-
cated on the gel (Fig. 3A).

Quantification of the pre-mRNA as well as the ligated
exons and the spliced intron bands clearly revealed
that the two mutant constructs had increased splicing
rates (Fig. 3B). Fitting of the amount of pre-mRNA re-
maining as a function of time with an exponential decay
curve provided a K,ps of 0.06 min~* for Tet-119 com-
pared to 0.31 and 0.42 min—* for G3A and C20A, re-
spectively. The fitting of the ligated exon and spliced

A 40uM GTP M
Tet-119 G3A C20 |
e oo o] Fxon
Pre-RNA(1180) l'l_t
G-IVS-3exon(1062) > bobrbrimte - — — 1000
Ligated exoni 767)— —lai =) ||| et | w730
Fexon-1VS(532)— 1
G-IVS-c3 exon(514) —300
G-IVSi414)— S e o ¢ e e — 400
—300

el 0, 1, 3,6, 20, 60, 120 min

FIGURE 3. In vitro self-splicing with uniformly labeled pre-mRNAs
and 40 uM unlabeled GTP at 50°C. A: Autoradiograph of a 4%
denaturing gel showing splicing assays of Tet-119 and the G3A and
C20A mutants. A Century-Plus RNA marker (M) and a T7-transcribed
KNT uninterrupted by an intron (Exon) were also included. B: Quan-
titation of the pre-mRNA, ligated exons, and spliced intron (G-IVS)
bands. The intensities of the ligated exons and the IVS were nor-
malized by those of the initial pre-mRNA and by the size differences
of these fragments to give molar fractions. The failure of the molar
fractions of “exons ligated” and “IVS spliced” to approach 1.0 after
60 min is likely due to competing hydrolysis, missplicing, and intron
circularization reactions. The data were fit using exponential func-
tions. The relative reaction rates derived from the fitting are summa-
rized in Table 2A.
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intron data also supported the conclusion that the re-
action rates of the G3A and C20A mutants are approx-
imately six and eight times, respectively, that of the
original construct at a GTP concentration of 40 uM
(Table 2A).

The rate differences are more significant
at low GTP concentration

We subsequently examined how the GTP concen-
tration affected the splicing reaction for Tet-119 and
the Plex mutants. The Michaelis constant for GTP
(K5™) for the wild-type Tetrahymena rRNA intron was
previously determined to be around 32 uM (Bass &
Cech, 1986). The original Tet-119 pre-mRNA and the
G3A and C20A mutants were therefore compared in

Fraction pre-mRNA

Fraction exons ligated

Fraction IVS spliced

0.0 T T T T T 1
0 10 20 30 40 50 60

time (min)
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TABLE 2A . Relative reaction rates (k/k(Tet-119)) in splicing assays
in vitro with uniformly labeled pre-mRNA and 40 uM GTP.

Tet-119 G3A C20A
Pre-mRNA 1.02 5.4 7.3
Ligated exon 1.0 6.5 9.0
G-IVS 1.0 6.0 7.2

3kops(Tet-119, pre-mRNA) = 0.06 min 1.

splicing assays at GTP concentrations of 250 nM, which
is subsaturating, and 200 uM, which should be close to
saturation.

Unlabeled pre-mRNA and [a-*2P]GTP were used in
these assays, so only those species that became ra-
diolabeled with the exogenous G during splicing were
visible on the gel. The G-1VS-3’exon splicing intermedi-
ate and G-IVS product were the major bands for Tet-
119, whereas an additional product at ~514 nt appeared

A 250 nM [0-2P]GTP
Tet-119 G3A C20A
_..E‘ el el M
nt
G-IVS-Fexon( 1062)— 3 e - :_}ggﬂ‘
G-IVS-c3 exon(S14)— s —500

G-IVS(414)— e . — )
. —300
el 3, 6, 20, 60, 120 min

C 250 nM GTP

1.00-
c C20A
(3]
Y
T
= 0.75-
°
L)
K]
= i
2 050
c
Ke]
© 0.25-
®©
ra

Tet-119
0.00 ﬂ T T T T 1
0 20 40 60 80 100 120
time (min)
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for the two mutants (Fig. 4A,B). At 250 nM GTP, the
rate differences between the mutants and the original
design were very significant (Fig. 4C, Table 2B). The
ratio of initial velocity values (v) was 1:28:67 (Tet-
119:G3A:C20A) for G-IVS RNA accumulation. Splicing
at 200 M GTP shifted this ratio of v values to 1:9:18
(Table 2B). Therefore, the relative rate of the designed
construct to the mutants was increased about threefold
at high GTP concentration. On the other hand, the re-
action rate of Tet-119 was still significantly slower than
the Plex mutants even at the high concentration of
GTP, suggesting that the P1ex mutations increase k..
while decreasing K§'F.

As mentioned above, the two mutants produced an
RNA species estimated to be about 514 bases long
(Fig. 4A,B). Because this species was 5'-G labeled
during splicing, we identified its 5’ end using enzymatic
RNA sequencing (data not shown). Ribonucleases T1
and U2, as well as partial alkaline hydrolysis, were
used to distinguish G and Aresidues (Donis-Keller et al.,

B 200 M GTP+e-*P]GTP
Tet-119 G3A C20A

R P R———y B
o el i -l

R S N -

G-IVS-3"exon( 1062)—

G-IVS-c3exon(514)—

G-IVSHM]—_
el 1, 3, 6, 20, 60, 120 min
200 uM GTP
1.00+
0.75+ C20A v

G3A

0.50

0.254 Tet-119

0.00 T
0 5 10 15 20

time (min)

FIGURE 4. In vitro splicing assays with unlabeled pre-mRNAs and [«-*?P]GTP at 50°C. A: 8 nM pre-mRNA and 250 nM
[«-32P]GTP were included in each reaction. B: Same as A, except that 200 uM unlabeled GTP were added in addition to
the [«-32P]GTP. Additional intense bands of radioactivity appeared at <100 nt in B and have not been identified. C:
Accumulation of the spliced intron in the splicing assays at 250 nM and 200 uM GTP. The data were normalized to the
highest amount observed for the C20A RNA in each assay condition and fit using exponential curves. The relative initial

velocities are summarized in Table 2B.
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TABLE 2B . Ratios of initial velocities (v/v(Tet-119)) of accumulation
of the G-IVS in splicing assays in vitro with unlabeled pre-mRNA and
[a-*?P]GTPA

[GTP] Tet-119 G3A C20A
250 nM 1 28 67
200 uM 1 9 18

@Because of the absence of pre-mRNA bands in splicing assays
with unlabeled pre-mRNA, the absolute catalytic rate constant kops
could not be measured. However, the ratio of initial reaction veloci-
ties v of the mutants to Tet-119 could be used to examine the mu-
tational effects on catalysis.

1977). This RNA had exactly the same sequence at its
5" end as the G-IVS. Therefore, the extra 100 bases
must be present at the 3' end of RNA. Further se-
quence examination revealed that a stretch of 11 bases,
which is located 101-110 bases downstream from the
normal 3’ splice site, could potentially serve as a cryp-
tic 3’ splice site. Thus, this G-IVS-c3’exon species ap-
pears to arise by a normal first step of splicing followed
by attack of the 5’ exon at a cryptic 3’ splice site down-
stream from the normal 3’ splice site.

The 514-base 3’ cryptic splicing product was also
observed in the splicing assays with 32P-labeled pre-
mRNA and unlabeled GTP at 40 uM concentration.
Because only the two mutants gave rise to significant
amounts of the misspliced product, we conclude that
the P1lex mutations decrease the splicing specificity of
the KNT pre-mRNA.

DISCUSSION

The problem we encountered in designing a self-splicing
group | intron insertion into a heterologous gene such
that it would be active in vivo is far from unique. Hagen
and Cech (1999) observed large differences in splicing
efficiency in mammalian cells depending on the intron
insertion site used. In parallel work, the percentage of
transcripts that underwent self-splicing, again in mam-
malian cells, was found to range from 0 to 50% (Long
& Sullenger, 1999). In addition to low catalytic effi-
ciency, low substrate specificity was shown to be a
major limiting factor in the application of the group |
ribozymes in therapeutic RNA repair via trans-splicing
in vivo (Jones et al., 1996). Rational design based on
the biochemical knowledge was used to optimize the
ability of the Tetrahymena ribozyme to discriminate
against nonspecific substrates in vitro (Zarrinkar & Sul-
lenger, 1999). However, because of the great complex-
ity of the system, especially that of the intracellular
environment, this type of approach has quite variable
success. In contrast, in vivo selection allows “irrational”
screening of a large number of random mutations in
parallel, treating the splicing problem in the cells as a
“black box.” We demonstrated, in the current study, that
in vivo selection resulted in active intron variants that
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shared mutations in an unexpected region, the P1 ex-
tension. The direct role of the P1lex mutations in splic-
ing activation was confirmed by subsequent in vivo and
in vitro splicing assays.

The in vivo selection and in vitro characterization
results clearly show that the paired region Plex in the
Tetrahymena intron can be significant for splicing rate
determination. Previous work with the bl5 intron from
yeast mitochondria demonstrated that a mutation dis-
rupting the Plex base pairs reduces the rate of cleav-
age at the 5’ splice site and blocks the exon ligation
step of self-splicing in vitro (Ritchings & Lewin, 1992),
opposite to the effect we observe. A possible explana-
tion for this difference is that in contrast to the Tetra-
hymena intron, the bl5 intron contains a short P1 helix
(4 bp up to the 5’ splice site) and a long stretch of
sequence between the two P1 strands (more than
200 nt). A weakened Plex interaction may prevent the
bl5 intron core from finding the right base-pairing part-
ner in the 5’ exon, and thus result in the reduced cleav-
age rate. In a second study on bl5 splicing, a mutant
with the Plex helix extended from 2 bp to 5 bp was
unable to ligate the exons in either autocatalytic or
Cbp2 protein-stimulated splicing (Shaw et al., 1996).
This latter observation is consistent with our results
that problems arise when Plex is too strong.

Our observations are consistent with previous in vivo
engineering results involving the Tetrahymena intron.
In the earliest works, this intron was engineered into
the a-donor fragment of the B-galactosidase gene and
experiments showed that the predicted splicing prod-
ucts could be generated in E. coli (Price & Cech, 1985;
Waring et al., 1985). In these cases, the intron was
unmodified and grafted into the B-galactosidase gene
together with small stretches of Tetrahymena rRNA ex-
ons at both ends. The spliced B-gal exons therefore
had an unnatural amino acid insertion at a position that
is not sensitive to insertions. When the Tetrahymena
intron was inserted into the analogous position of E.
coli 23S rRNA, the intron was shown to splice from
pre-rRNA rapidly in E. coli (Zhang et al., 1995). Al-
though the IGS was modified to base pair with the 5’
exon, the P1lex base pairs were not modified. In a later
work, the Tetrahymena intron was implanted into a lu-
ciferase gene and splicing efficiency in mammalian cell
lines was estimated (Hagen & Cech, 1999). In these
designs, the spliced exons did not contain extra se-
guences. Although the IGS was modified to base pair
with both the 5’ and 3’ exons, the intron sequence at
the 5’ end was not modified, with the result that the
Plex pairing was disrupted.

How might disruption of Plex
enhance self-splicing?

How does the destabilization of the Plex helical inter-
action in the Tetrahymena intron increase the splicing
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FIGURE 5. Schematics of the Tetrahymena intron self-splicing mechanism with the possible roles of the Plex helix
indicated. Wavy lines represent the 5’ and 3’ exons and thick lines stand for the intron. Base pairs are indicated by long thin
bars and unpaired bases by short bars. We propose that a strong Plex interaction could increase the rate for the reverse
reaction between states | and Il, in addition to decreasing the rate of conformation changes between states Il and lll. See

text for details.

reaction rate? One likely possibility can be explained
with reference to Figure 5. In the first step of splicing,
an exogenous G (italicized in the figure) binds in a
specific pocket of the intron (I) and cleaves the 5’ splice
site using its 3" hydroxyl to become covalently linked to
the 5’ end of the intron (ll). In order for the reaction to
proceed from Il to Ill, a conformational change must
occur to the splicing complex. The exogenous G needs
to dissociate from the pocket, which requires that any
base pairs in Plex be disrupted. Subsequently, the 3’
exon base pairs with the IGS to form the P10 helix, and
the endogenous G residue at the 3’ end of the intron
associates with the same binding site in the intron as
the exogenous G (lll). In the second step of splicing,
the 3’ hydroxyl of the 5" exon cleaves the 3’ splice site
to form the ligated exons and the spliced intron (V). To
complete the splicing, the ligated exons need to disso-
ciate from the spliced intron to prevent the reverse re-
action of exon ligation (V). If the interaction in the P1lex
region is too strong, the free energies of states | and Il
along the reaction coordinate are lowered and the re-
action complex stays longer in state Il before proceed-
ing to state Ill. In state II, the 3’ hydroxyl of the 5’ exon
could cleave the G-intron linkage as a reverse reaction
of the first cleavage step. In addition, because the for-
mation of the P1ex and P10 helices compete with each
other, a strong P1lex could reduce the rate of the con-
formational change (Il — IIl) required to initiate exon
ligation.

It has been reported that folding of the Tetrahymena
pre-rRNA into a catalytically active conformation can
be rate determining for in vitro splicing at physiolog-
ical temperatures (Emerick & Woodson, 1994; Emer-
ick et al., 1996). We have no evidence as to whether
the Plex mutations increase the splicing rate by fa-
cilitating the folding of the intron. In addition, Wood-
son and Cech (1991) have demonstrated that an
alternative secondary structure in the 5’ exon [re-
ferred to as P(—1)] can compete with the formation

of P1 and affect the splicing rate of the Tetrahymena
intron from the natural pre-rRNA. However, only two
out of the five P1lex mutations that were observed to
rescue pre-mRNA splicing are involved in a P(—1)
interaction in the engineered KNT gene. Therefore, it
is unlikely that the P1lex mutations promote the splic-
ing rate primarily by modulating the equilibrium be-
tween the P1 and P(—1) helices.

The Plex mutants tested for splicing in vitro have
slightly different reaction rates (Table 2A,B). These could
perhaps be due to differential effect on the stability of
Plex, or on differential disruption of P10 helical inter-
actions. G3A is located in the 5’ terminal region of the
intron and only destabilizes the P1lex helix. In contrast,
C20Ais in an overlapping region between P1 and P10,
and it shortens P10 from the side close to the 3’ splice
site by 1 bp. Yet another possibility is that some base
substitutions cause more or less steric clash between
the partially disrupted Plex helix and the intron active
site.

The initial velocities of the P1lex mutants relative to
the original Tet-119 increase with decreased concen-
tration of GTP, suggesting that their K§'" values are
decreased. The K§;'" value for a self-splicing intron
typically does not represent the dissociation constant
of GTP from the intron (Herschlag & Cech, 1990), al-
though the two can be equal under special circum-
stances such as low pH or with deoxynucleotides in the
5’ exon. In the present case, the change in K§" value
could simply result from an alteration of the rate-limiting
step in the splicing pathway. However, it is still possible
that the GTP binding affinity of the intron is modified by
the Plex mutations. Although Plex and the G-binding
site in P7 (Michel et al., 1989) are far away from each
other in the secondary structure, they must be close
together in the folded RNA: P1ex is immediately next to
the 5’ splice site, and the 3’ hydroxyl of GTP is the
attacking group for the 5’ cleavage reaction. Further-
more, it was shown that the formation of the P1 helix is
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thermodynamically coupled with G binding (Bevilacqua
et al., 1993; McConnell et al., 1993), so there could be
coupling to the nearby Plex as well.

Plex mutations compromise accuracy

Although the Plex mutants splice faster than the orig-
inal Tet-119 in terms of both disappearance of pre-
mMRNA and accumulation of ligated exons and excised
intron, a small fraction (about 20% and 10% for G3A
and C20A, respectively, as estimated from the earliest
time points) of the splicing product utilizes a cryptic 3’
splice site 100 bases downstream of the normal site
(Fig. 4A,B). So it appears that P1ex mutations increase
the reaction rate for splicing at the expense of accu-
racy. The cryptic 3’ splice site could potentially form
P10 interactions of 9 bp with the IGS for Tet-119 and for
the G3A mutant, and 7 bp for C20A. It was shown
previously that the P10 helix of the Tetrahymena intron
contributes to 3’ splice site selection (Suh & Waring,
1990), although it is not required for the splicing activity
(Been & Cech, 1985). A possible explanation of the
increased missplicing at the 3’ exon in the P1lex mu-
tants is that the disruption of Plex region makes the
formation of P10 easier, and in turn increases the chance
of a cryptic splice site being utilized. In the wild-type
Tetrahymena rRNA intron, the Plex region consists
of three AU base pairs (Fig. 1B). We speculate that
this is a compromise between the requirements for
splicing rate and specificity in the eukaryotic cellular
environment.

Conclusions

In vitro selection has been used previously to evolve
RNA molecules with improved enzymatic properties
(Beaudry & Joyce, 1992; Pan & Uhlenbeck, 1992; Bar-
tel & Szostak, 1993; lllangasekare et al., 1995; Jabri &
Cech, 1998). However, the environment in cells is much
more complex and very hard to control. Thus, if the
goal is to obtain a variant ribozyme with improved ac-
tivity in cells, in vivo selection is a more direct ap-
proach. In the current study, a group | intron that evolved
naturally in a eukaryotic organism, T. thermophila, was
engineered into a kanamycin resistance gene and tested
in a prokaryote, E. coli. There had been several reports
on self-splicing activity of the Tetrahymena intron in E.
coliin the context of different exon sequences (Price &
Cech, 1985; Waring et al., 1985; Zhang et al., 1995;
Roman & Woodson, 1998). It was therefore somewhat
surprising that the designed construct did not work in
vivo. Given the complex nature of the system, it was
hard to predict the reason. The in vivo selection pro-
vided an excellent tool to solve this problem. In addi-
tion, the selection results and subsequent in vitro splicing
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studies strongly suggest a previously unappreciated
feature of group | intron splicing, that too strong a he-
lical structure in the P1ex region can inhibit the splicing
reaction.

MATERIALS AND METHODS

Molecular cloning and construction
of mutation libraries

Molecular cloning was performed according to standard pro-
tocols (Sambrook et al., 1989). The E. coli—T. thermophilus
shuttle vector pUC19EKF-Tsp3 was kindly provided by Dr.
Shuang-yong Xu at New England Biolabs (Wayne & Xu, 1997).
The plasmid was reengineered so that the original P,q pro-
moter, which directs the transcription of the KNT gene in
T. thermophilus, was replaced by the sIpA promoter that is
functional in both E. coliand T. thermophilus (de Grado et al.,
1998). The KNT gene was flanked by unique restriction sites
Ndel and Kpnl. The size of the plasmid was also reduced
to 6 kb.

Mutagenic PCR (Fromant et al., 1995) was used to intro-
duce random mutations to the intron region of both Tet-119
and Tet-119A237-330 constructs. The PCR mix contained
10 mM Tris-HCI, pH 8.8, 50 mM KCl, 4.76 mM MgCl,, 0.56 mM
dATP, 0.90 MM dCTP, 0.20 mM dGTP, 1.40 MM dTTP, 0.5 mM
MnCl,, 0.5 uM each primer, 3 ng/uL Tet-119 plasmid tem-
plate, 0.08 U/uL Tag DNA polymerase (Roche). The thermal
cycles included 1X (94 °C, 5 min), 10X (94°C, 1 min; 52°C,
1 min; 72°C, 3 min), and 1X (72°C, 10 min). The 5" and 3’
exon DNAs were amplified by high-fidelity PCR using Pfu
Turbo DNA polymerase (Stratagene), the mix of which con-
tained 1X cloned Pfu buffer (Stratagene), 0.2 mM each of
dNTP, 0.4 uM primers, and 0.2 ng/uL template. The PCR
cycles included 1 (94 °C, 1 min), 30X (94 °C, 0.5 min; 55°C,
0.5 min; 72°C, 1 min), 1X (72 °C, 10 min). The exons and the
mutated intron PCR products were purified on a 1% agarose
gel. The mutation libraries were constructed by a second Pfu
Turbo PCR reaction, at the same condition as described,
except that 0.4 ng/uL each of the 5’ and 3’ exons, and 15
ng/uL mutated intron were used as the template. The elon-
gation time in the PCR cycles was increased to 2 min. The
second PCR products were purified on a 1% agarose gel and
digested with Ndel and Kpnl. The mutation libraries were
ligated into the Ndel/Kpnl-digested modified pUC19EKF-
Tsp3 vector. The libraries were then transformed into 50 L of
the XL-1 Blue MRF’ electrocompetent E. coli (Stratagene).
Immediately after the electroporation, 930 uL Super Broth
(37°C) was added and the cells were shaken at 37 °C for 1 h.
Portions (100 wl) of the cells were spread on LB plates
containing 10, 20, 30, 40, and 50 ng/mL kanamycin. The total
number of transformants was estimated by spreading serial
dilutions of the cells on LB/ampicillin plates, which contained
100 ug/mL carbnicillin (a modified form of ampicillin). All the
plates were incubated at 37 °C overnight.

For in vitro transcription purposes, Tet-119 and the Plex
mutants were subcloned into pUC19 by high-fidelity PCR
with a forward primer containing an EcoRI site and a T7
promoter, and a reverse primer containing a BamHI site
(Fig. 2A). The entire KNT and intron sequences were then
verified by DNA sequencing.
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Transcription of precursor RNAs

The precursor RNAs were transcribed in vitro by T7 RNA
polymerase. By using an decreased concentration of MgCl,
and increased concentrations of ribonucleotide triphosphate
(NTP), the NTPs chelate most of the Mg?* ion so that splic-
ing of the precursor during transcription is almost completely
inhibited (Michel et al., 1992). Transcription reaction mixtures
for preparing uniformly labeled RNA contained 40 mM Tris-
HCI, pH 7.5, 5 mM MgCl,, 10 mM DTT, 2 mM spermidine,
4 mM each of NTP, 1 ug of template plasmid cleaved with
the restriction enzyme BamHI (New England Biolabs), 40 uCi
of [a-32P]CTP (New England Nuclear), and 1 uL of T7 RNA
polymerase (Davanloo et al., 1984). The mixture was incu-
bated at 37 °C for 2 h and subsequently cleaned using P-30
spin columns (Bio-Rad). The RNA transcripts were purified
by electrophoresis on 4% polyacrylamide [29:1 acrylamide:bis
(acrylamide)]/8 M urea gels. The gels were then covered
with Saran Wrap and exposed to Kodak X-Omat films. The
pre-mRNA bands were excised according to the films, crushed
and soaked in a TE buffer (10 mM Tris-HCI, pH 7.5, 1 mM
EDTA) overnight. The RNA extractions were then filtered
through a 0.22 um membrane to remove the polyacrylamide,
and ethanol precipitated using standard protocol. Purified RNA
was resuspended in 50 ul sterile water, a 2 uL fraction of
which was mixed with 4 mL ScintiSafe Econol scintillation
fluid (Fisher) and counted using a Beckman LS-3801 scintil-
lation counter.

The unlabeled pre-mRNAs were transcribed in 2-mL reac-
tions in a similar condition to the one described for uniformly
labeled pre-mRNAs, except that no 32P-labeled nucleotide
was added. The transcription reactions were incubated at
37°C for 17 h. The RNA samples were purified on 3-mm thick
denaturing gels, which were then visualized using ultraviolet
(UV) shadowing. The gel-extracted RNAs were concentrated
using UltraFree-15 concentrator (Millipore) with a molecular
weight cutoff of 30 kDa to a volume of around 200 uL. Finally
the concentrations of the pre-mRNAs were determined by
UV absorbance.

To make sure that the comparison of Tet-119 and the Plex
mutants was fair in the splicing assays, the concentration and
length of the purified unlabeled pre-mRNAs were checked on
an analytical 4% polyacrylamide/8 M urea gel. The gel was
soaked in a staining solution containing 10,000:1 dilution of
SYBR Green Il (Molecular Probes) in 1 X TBE buffer for 10 min
after the electrophoresis and then was scanned using a Ty-
phoon 8600 imager (Molecular Dynamics) with an excitation
wavelength of 532 nm and a short-pass emission filter 526SP.
The Century-Plus RNA markers (Ambion) on this gel indi-
cated that the pre-mRNAs were at the expected size. Quan-
titation of the pre-mRNA bands confirmed that their relative
concentrations are correct within an error range of 10%.

In vitro splicing assays

Uniformly labeled pre-mRNAs were preincubated in 50 uL of
30 mM Tris-HCI, pH 7.5, 100 mM (NH4),SO4, and 10 mM
MgCl; at 50 °C for 3 min. The splicing was initiated by adding
GTP to the concentration specified and the incubation was
continued at 50 °C. Fractions of 5 uL were removed from the
reaction at indicated time points and were mixed immediately
with 5 uL of 2X loading buffer, which contains 10 M urea,

F Guo and T.R. Cech

30 mM EDTA, and 0.01% bromophenol blue, 0.025% xylene
cyanol and 0.1 X TBE electrophoresis buffer (1X TBEis 0.1 M
Tris base, 0.083 M boric acid, and 1 mM EDTA), to stop the
splicing. Samples were run on 4% polyacrylamide/8 M urea
gels, which were then attached to filter papers, dried in vac-
uum and exposed to image plates. The images were scanned
by a Typhoon 8600 imager (Molecular Dynamics) at 100 um
resolution. The splicing assays with unlabeled pre-mRNA and
[«-32P]GTP were performed similarly. The 50-uL reactions
with 2560 nM GTP were started by adding 10 uCi of
[«-3?P]GTP, whereas those with 200 uM GTP were initiated
by adding 50 uCi of [«-3?P]GTP and 5 uL 2 mM unlabeled
GTP.

The RNA bands on the gel images were quantified using
ImageQuant (version 5.2, Molecular Dynamics). The back-
ground was corrected by counting a box of the same size as
the one around the RNA band located in the same lane. The
kinetic data obtained were fit and plotted using the program
PRISM (version 3.0, GraphPad). The data on disappearance
of the pre-mRNA were fit to a one-phase exponential decay
curve

Y = Yyxexp(—k=t) + Plateau

where Yis the fraction remaining, tis time, k is the observed
reaction rate K,ps, Plateau represents the unreacted fraction
of pre-mRNA, and Yj is the amount of the active starting
pre-mRNA. The data on accumulation of the ligated exons
and G-IVS were fit to a one-phase exponential association
curve

Y = Ymax* (1 — exp(—k=t))

where Y is the fraction accumulated, ¢ is time, Ynay is the
maximum amount that could be generated, and k is the rate
constant. The initial velocity v was calculated as Ynax * k as
the data were fit to the exponential curves.

Kinetic RT-PCR

Total RNAs were isolated from 2 mL E. coli cultures contain-
ing 100 png/mL ampicillin using the RNeasy Mini kit (QIAGEN),
and were digested by RQ1 RNase-free DNase | (Promega).
The RNA concentrations were determined by UV absor-
bance. Equal amounts of RNAs were used in RT reactions
containing SuperScript Il reverse transcriptase (Invitrogen),
which were followed by PCR reactions using Taq DNA poly-
merase (Roche). The primer used in the RT reactions and
also as the reverse PCR primer has the sequence GAAG
ATCTGATTGCTTAACTGCTTCAGTT, and the sequence of
the forward PCR primer is GGTGGAATCAGATTGGCCGCTT.
The PCR products contain 330 bp, which span positions 274
to 603 downstream of the translational start site of the KNT
mRNA. Samples were taken from the PCR reactions at the
end of cycles 12, 14, 16, 18, 20, 22, 24, and 26, and were
analyzed by a 1.4% agarose gel. After electrophoresis, the
gel was stained in 10,000:1 diluted Vistra Green (Amersham
Pharmacia) and was scanned using a Typhoon 8600 imager
with an excitation filter at 532 nm and a short-path emission
filter 526SP. The bands were quantified using ImageQuant
and the range of exponential growth was identified. The data
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were fit to the one-phase exponential association curve using
the program PRISM (version 3.0, GraphPad).
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