such as the Elsinore-Whittier fault system
and the Newport-Inglewood fault zone,
which strike subparallel to the San Andreas
fault.

The strike-slip faults are typically well
exposed at the surface, and earthquake haz-
ards can be quantified through detailed
studies of fault slip rates (21). In some areas,
reverse or thrust faults of the Transverse
Ranges are also exposed at the surface and
can be studied in the same manner as strike-
slip faults. In contrast, the Whittier Narrows
carthquake indicates that a system of buried
thrust faults presents additional potential
carthquake hazards to the Los Angeles met-
ropolitan area. These faults are at depths of
10 to 15 km within the crystalline basement
and below a thick sedimentary rock section.
The deformational history recorded in the
sedimentary rocks commonly contains infor-
mation about the offset and slip rate on
these buried thrust faults (22). Furthermore,
spatial distribution of small earthquakes (3)
as well as secondary structural features with-
in the sedimentary rocks may provide clues
as to the size and segmentation of these
buried thrust faults. Thus it may be possible
to quantify the potential earthquake hazards
from these buried thrust faults.
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RNA as an RNA Polymerase: Net Elongation of an
RNA Primer Catalyzed by the Tetrahymena Ribozyme

MicHAEL D. BEEN* AND THOMAS R. CECH

A catalytic RNA (ribozyme) derived from an intervening sequence (IVS) RNA of
Tetrahymena thermophila will catalyze an RNA polymerization reaction in which
pentacytidylic acid (Cs) is extended by the successive addition of mononucleotides
derived from a guanylyl-(3’,5’)-nucleotide (GpN). Cytidines or uridines are added to
Cs to generate chain lengths of 10 to 11 nucleotides, with longer products being
generated at greatly reduced efficiency. The reaction is analogous to that catalyzed by a
replicase with Cs acting as the primer, GpNs as the nucleoside triphosphates, and a
sequence in the ribozyme providing a template. The demonstration that an RNA
enzyme can catalyze net elongation of an RNA primer supports theories of prebiotic

RNA self-replication.

ELE-SPLICING OF THE Tetrahymena
thermophila precursor ribosomal RNA
is mediated by the intervening se-
quence (IVS) portion of the RNA molecule.
Splicing proceeds by two transesterification
(phosphoester transfer) reactions. The first,

attack by guanosine at the 5’ splice site,
generates a 5' exon with a free 3' OH
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group. The second reaction, attack by the 3’
OH of the 5' exon at the 3’ splice site,
generates ligated exons and excised IVS
containing the non-encoded G covalently
bound to its 5’ end (I).

Portions of the excised IVS RNA act as
enzymes (ribozymes), catalyzing reactions on
exogenous RNA molecules with multiple
turnover. These reactions occur by transesteri-
fication and are intermolecular versions of the
two steps of self-splicing (2—6). One of these
reactions bears a fundamental similarity to
that catalyzed by RNA polymerase (2, 7). The
L — 19 IVS RNA (linear IVS RNA missing
19 nucleotides from the 5’ end) catalyzes the
disproportionation of pentacytdylic acid (Cs)
to both longer and shorter oligomers of cyti-
dylic acid. (Disproportionation is a reaction
of the type 2 Cs— C4 + Co.) Although
higher molecular weight RNA is produced,
there is no change in the average molecular
weight of the RNA in the population. The
reaction mechanism involves a covalent in-
termediate that is a “charged” form of the
ri e, with cytidylic acid transiently
bound to the 3’ terminal guanosine (G*!%)
of the IVS. This form of the polymerase
reaction requires that the growing chain

Fig. 1. Extension of pCs in §=

dissociate from the ribozyme after each
round of mononucleotide addition in order
that the ribozyme be recharged. Upon being
rebound and depending on whether the
ribozyme is charged or uncharged, the oli-
gonucleotide can be either elongated further
or cleaved.

Recently, Kay and Inoue (5) have shown
that a portion of the IVS RNA, missing
short sequences at both the 5’ and 3’ end,
can catalyze a transesterification reaction
between dinucleotides. With the substrates
CpU and GpN (N representing C, U, A, or
G), the nucleoside monophosphate, pN, is
transferred to the 3’ end of CpU; the reac-
tion is the equivalent of the second step in
splicing. This suggested a possible alterna-
tive to the disproportionation reaction de-
scribed above. Rather than requiring the
ri e to be recharged by the addition of
pC to the 3’ end of the IVS for each cycle of
nucleotide addition, it seemed possible that
free GpC, or the other GpNs, could substi-
tute for the G*"*pC at the 3’ end of the
charged ribozyme. An oligonucleotide
would then be elongated at the expense of
cleavage of substrate dinucleotides instead
of other oligonucleotide products.

GpC GpU GpA GpG

the presence of L — 21 Scal Time (min) 01030 60
RNA and GpN. Each reac-
tion contained 5
[3?P]pCs, 50 mM tris-HCl
(pH 7.5), 50 mM MgCl,, 0
or 0.5 mM GpN as indicat-
ed,and 1 pM L — 21 Scal
RNA. The final volume was
10 pl and incubation was at
42°C. After addition of the
L —21 Sca I RNA, 2-pl
rtions were removed and
mixed with 8 pl of forma-
mide containing 25 mM
EDTA and 0.03% xylene
cyanol at the indicated
times. A 4-pl portion of
each sample was then frac-
tionated on a 20% poly-
acrylamide gel containing
50% (w/v) urea. An autora-
diogram of the gel is shown.
Lanes marked C,, contain an
oligo(C) ladder generated
by L — 19 IVS RNA—cata-
lyzed disproportionation of
pCs; L — 19 IVS RNA re-

(*2PlpCs—

0103060 0103060 0103060 0103060

n=
-1

=
=2
-6
-5
—4
-3

placed the L — 21 Sca I RNA, and no dinucleotide was included, otherwise the reaction conditions
were the same as above, and the reaction was terminated after 15 minutes. Near the top of the gel is a
labeled band that increases in intensity with time and that migrates at a position expected for the L — 21
Sca I RNA. The major product at that position has been sequenced. On the basis of the sequence and
results from additional studies, it was concluded that the major product is generated by pCs attack at the
phosphate that follows G*? in the linear form of the L — 21 Sca I RNA. Preparation of the L — 21 Scal
RNA was as follows. The plasmid pT7L-21 (8, 20) contains a synthetic phage T7 promoter inserted
such that RNA synthesis starts at position 22 in the IVS. The plasmid was cleaved with the restriction
endonuclease Sca I, such that the T7 RNA polymerase runoff transcript ends at position 409, five bases
before the 3’ splice site. The L — 21 Sca I RNA was purified by denaturing polyacrylamide gel
electrophoresis and Sephadex G25 column chromatography. A small amount of 5’ end-labeled pCs was
mixed with a known concentration of unlabeled Cs; the stated concentration of [*?P]pCs therefore

represents the sum of pCs plus Cs.
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The ribozyme used for the following ex-
periments, “L — 21 Sca I RNA,” has a 5’
end corresponding to position 22 in the IVS
and a 3’ end at position 409, five bases
before the 3’ splice site. It was made by
transcription of Sca I-cut pT7L-21 DNA
with T7 RNA polymerase (8). L — 21 Scal
RNA (1 pM) was incubated with 5 pM
[*2P]pCs in 50 mM tris-HCI (pH 7.5), and
50 mM MgCl, at 42°C, and the products
were analyzed by polyacrylamide gel electro-
phoresis and autoradiography (Fig. 1). In
the absence of GpN, an oligo(C) ladder was
produced after 30 minutes, presumably the
result of the residual disproportionation ac-
tivity of the L — 21 Sca I RNA preparation
(9). However, when 0.5 mM GpC was
added to the reaction, the average size of the
labeled oligonucleotide increased.

The oligonucleotides generated by reac-
tion of GpC with L — 21 Sca I RNA comi-
grated with the oligo(C) ladder, whereas the
products observed in the reactions of GpU
and GpA had mobilities that were shifted
relative to the oligo(C) ladder. The products
of reactions with GpU and GpA were iden-
tified by direct sequencing (10, 11). The
decanucleotide produced in the reaction
with GpU had the sequence CsU/X, and the
heptanucleotide produced in the reaction
with GpA had the sequence CsAX. Al-
though the 3’ terminal nucleotide X was
not identified, the electrophoretic mobility
was consistent with its being a U for the
product of the reaction with GpU and an A
for the product of the reaction with GpA.
Thus, the initial reactions can be described
as *pCs + GpN — *pCspN + G and sub-
sequent steps as *pCspN; + GpN —
*pCspN; + 1 + G, where N = A, C, or U,
1= 1, and *p is the labeled phosphate.

In the presence of GpG very little exten-
sion of Cs occurred under the conditions of
the experiment described in Fig. 1. A band
comigrating with Cs was probably Ce-gen-
erated by the residual disproportionation
activity. At lower concentrations of both
enzyme and substrates, a small amount of a
product that could be CsG has been seen
(10), but the major products appeared to be
C; and G, as seen in Fig. 1. In the first step
of the splicing reaction, trinucleotides end-
ing in G will substitute for guanosine in
attack at the 5’ splice site of the precursor
RNA (12), so it is expected that the dinucle-
otides with a 3' Goy would have similar
activity. Thus, it is not surprising that the
L — 21 Sca I RNA catalyzes reactions of the
type *pCs + GpG — *pC, + GpGpC, gen-
erating 3?P-labeled C,4 and C;. This reaction
would be similar to the guanosine-depen-
dent endonuclease activity described previ-
ously (3).

The effect of varying the dinucleotide
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concentration was examined (Fig. 2). The
rate of elongation increased with increasing
concentrations of GpC. With increasing
GpU concentrations the amount of product
in the 10-minute reaction increased al-
though the average size of the elongated
product then decreased with increasing time
of incubation. With both GpC and GpU, up
to five bases were efficiently added to the Cs.
With longer exposures of autoradiograms of
a C-addition reaction, it was possible to see
oligo(C) bands up to about 20 bases in
length, but they represented a small fraction
of the products. With GpA, two nucleotides
were efficiently added although three or four
nucleotides were added in lesser amounts.
From the rate at which the Cs was con-
sumed it appeared that GpA was more
reactive than either GpC or GpU (13).
What might place an upper limit on the
size distribution of the products? One possi-
bility is that there is a competing reaction
that breaks down the products. In every
reaction, products smaller than the primer
are generated. Some C4 and C; might be

[GpC) 0

generated by the residual disproportion-
ation activity of the L — 21 Sca I RNA.
Another possibility is that a size constraint,
imposed by the oligonucleotide binding
site, limits the extent of elongation. Finally,
because guanosine is generated in the reac-
tion, it is possible that there is cleavage of
oligonucleotide products by guanosine at-
tack (3).

In accordance with the last possibility, the
addition of guanosine to the reaction was
found to decrease the average size of the
oligonucleotides generated and increase the
amount of C; and C4 (10). The extent to
which such a reverse reaction limits the size
of the product was tested. Oligocytidylic
acids of chain length 3,4, 5,7,9, 10, and 11
were gel-purified and tested for extension in
the presence of L — 21 Sca I RNA and
GpC. No appreciable extension of C; was
seen; Cy4, Cs, and C; were extended to Cyp;
Gy and C, were extended to C;; and a trace
amount of C;,; and C;; was extended to C,,
with very low efficiency. Thus, generation of
products larger than C;; was not facilitated

05mM 1mM 2mM

Time (min) 0 10 30 60 Cp,

0 103060 0 1030 60 0 10 30 60 Cp,

e Cio
- . - -
- - - - - i
- - .- - - - - e -
2 - - - ®---
FFnCs - b - “.:.::‘..__. ~Cs
- ae - &
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[GpUl 05mM 1mM 2mM
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e - GsUs
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Fig. 2. Kinetics of polymer-
ization with increasing con-
centrations of GpC, GpU,
d GpA. . [GpA] 05mM 1mM 2mM
zgntaingd SOErflll]'I :;:.CFI%} 0 103060 O 10 30 60 0 10 30 60 Cp,
(pH 7.5), 50 mM MgCl,, 2
WM [*2P]pCs, 1 pM L — 21
Sca I RNA, and no dinucle-
otide (0) or GpN at 0.5, 1, or . - o
2 mM. Incubation was at - ewme oo -G
42°C; 2-pl portions were tak- : - - e -
en at 0, 10, 30, and 60 min- s e an - -c
utes and stopped as described =R : - o= : ?
in the legend to Fig. 1. Lanes 3
marked C, contain an oli- - - -- -ee

go(C) ladder as described in
the legend to Fig. 1.
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by using longer primers. Only a small
amount of guanosine would be generated by
the limited amount of extension of C;¢ and
Cyy; thus the reverse reaction, attack by
guanosine, does not appear to be the limit-
ing factor. It was also observed that the
larger oligonucleotides were cleaved to gen-
erate a ladder of products down to Cs. These
smaller products were generated in the ab-
sence of added GpN, so the likely mecha-
nism is attack by a 3’ terminal G, which is
found on about 9% of the ribozyme (9), or
hydrolysis catalyzed by the L — 21 Sca I
RNA. [Such hydrolysis within oligopyrimi-
dine sequences would be equivalent to site-
specific hydrolysis at the 5’ splice site of the
pre—ribosomal RNA (14) or at the circular-
ization site of linear IVS RNA (15).] Thus
cleavage by free guanosine cannot by itself
explain the limited size distribution; other
competing reactions appear to be important
and a binding site size constraint remains a
possibility.

Two models for the GpN-dependent
polymerase reaction are presented in Fig. 3.
In the distributive model (Fig. 3A), Cs is
bound in the 5’ exon binding site
(GGAGGG at the 5’ end of the L — 21 Sca
IRNA) (2, 16, 17) and the GpN is bound in
the 3’ splice-site binding site (5, 14, 15).Ina
transesterification reaction that is equivalent
to the second step in splicing (exon liga-
tion), pN is transferred to the 3’ end of the
Cs and free G is produced. This is equivalent
to the CpU plus GpN reaction described by
Kay and Inoue (5), in which the production
of G from the GpN was demonstrated. In
this model further elongation requires that
the oligonucleotide shift position, by disso-
ciating and rebinding or by sliding, and
guanosine must be released and replaced by
a second GpN. If the distributive model is
correct, then one would not expect template
dependence for the added nucleotides, be-
cause the L — 21 Sca I RNA (and therefore
the template region) does not extend 5’ to
the binding site GGAGGG. In the proces-
sive model (Fig. 3B), the Cs is positioned a
few bases downstream of the 5’ exon bind-
ing site, at sequences that guide the circular-
ization reaction (18), and successive rounds
of mononucleotide addition can occur with-
out the growing chain having to dissociate
from the “template.” Although the addition
of C, U, and A means that addition is not
strictly template-dependent, the greater ex-
tension by C and U compared to A is
consistent with the elongation being tem-
plate-influenced.

In the reaction described here, the Tetra-
hymena ribozyme has several replicase-like
features. First, it requires a primer. Penta-
cytidylic acid was used in the experiments
shown here and primers as short as Cg4 are
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Fig. 3. Models for polymer- A
ization with GpNs as the
source of the monomer
units. (A) Distributive mod-
cl. (B) Processive model.
The L —21 Sca I RNA,
shown in boldface letters
and solid line, begins with
pPPGGAGGG.
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efficiently elongated. Second, like known
replicases, it is a nucleotidyl transferase.
Elongation of the primer occurs with the
successive addition of mononucleotides and
growth is in the 5’ to 3’ direction. The
“activated mononucleotides” are provided as
5’ guanylyl derivatives rather than the 5’
triphosphates used in contemporary poly-
merase reactions. Finally, earlier studies
have provided evidence for a required tem-
plate-like structure. It has been shown that
Cs binds to the 5’ exon binding site in the
IVS (I16) and that this binding site may be
able to slide through the catalytic center of
the ribozyme in a template-like manner (18).
Thus it seems possible that a form of the
ribozyme missing its internal binding site
might be able to track along an exogenous
template.

Hypothesized mechanisms for RNA-cata-
lyzed RNA replication and implications for
early stages in the evolution of self-replicat-
ing systems have been described (7, 19). The
demonstration of net elongation of an RNA
primer by an RNA enzyme helps establish
the principle that RNA might be capable of
efficient self-replication. At the same time,
the present work has revealed significant
obstacles to a ribozyme derived from the
Tetrahymena self-splicing IVS RNA to act as
an efficient replicase. First, it appears diffi-
cult to incorporate G into a growing chain,
because the guanosine donor (GpG) cleaves
the chain. This problem may be intrinsic to
the Tetrahymena IVS if the same binding
site that binds free guanosine also binds the
3’ splice site and 3’ splice-site equivalents
such as GpN (5, 14, 15). In a ribozyme
replicase, this problem might be solved if the
mononucleotides were donated not by GpN
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but by XpN, where X is a fifth nucleotide or
some other group (for example, pyrophos-
phate). A second obstacle is the apparent
template independence of nucleotide addi-
tion. The reaction clearly does not have the
template dependence seen with contempo-
rary DNA and RNA polymerases, where the
incoming base must pair with the next posi-
tion in the template as a prerequisite to
efficient covalent bond formation. The lack
of template dependence for the added nucle-
otide in the ribozyme reaction can be better
interpreted after it is determined whether
the reaction is distributive (Fig. 3A), proces-
sive (Fig. 3B), or some combination. In its
present form, however, the polymerization
reaction catalyzed by the Tetrabymena ribo-
zyme seems better characterized as template-
influenced rather than template-dependent.
A third obstacle is the limited extent of chain
elongation. It is possible that this problem
might be solved by a ribozyme replicase that
utilized an external template.
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Expression of the Murine Duchenne Muscular
Dystrophy Gene in Muscle and Brain

JEFFREY S. CHAMBERLAIN,* JOEL A. PEARLMAN, DONNA M. MUZzNY,
RICHARD A. GiBBS, JOEL E. RANIER, ALICE A. REEVES,

C. THOMAS CASKEY

Complementary DNA clones were isolated that represent the 5’ terminal 2.5 kilobases
of the murine Duchenne muscular dystrophy (Dmd) messenger RNA (mRNA).
Mouse Dmd mRNA was detectable in skeletal and cardiac muscle and at a level
approximately 90 percent lower in brain. Dmd mRNA is also present, but at much
lower than normal levels, in both the muscle and brain of three different strains of
dystrophic mdx mice. The identification of Dmd mRNA in brain raises the possibility
of a relation between human Duchenne muscular dystrophy (DMD) gene expression
and the mental retardation found in some DMD males. These results also provide
evidence that the mdx mutations are allelic variants of mouse Dmd gene mutations.

UCHENNE MUSCULAR DYSTROPHY
D (DMD) is a severe, X-linked reces-

sive degenerative muscle disease
frequently associated in humans with vary-
ing degrees of mental retardation (I). Ge-
nomic and complementary DNA (cDNA)
clones for portions of the DMD gene have
recently been isolated from humans and
mice, which allows increasingly accurate
prenatal diagnosis and carrier detection of
DMD (2-5). A complete understanding of
the function of the DMD gene product and
the mechanism by which an abnormal gene
leads to muscular dystrophy can be facilitat-
ed by the study of mice as a model system.
The mouse Dmd gene is expressed in both
skeletal and cardiac muscle at levels similar
to those found in humans (5). In addition,
the mouse Dmd gene has recently been
mapped to a region of the X chromosome
similar to that of the mouse muscular dys-
trophy mutation, mdx (6, 7). These map-
ping data together with pathological studies
of three independently derived mdx mutants
suggest that the mdx mutations could be
within the mouse Dmd gene (8). The avail-
ability of mouse models for DMD would
provide an important system for the study of
DMD and for the development of experi-
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mental therapeutic procedures for muscular
dystrophy.

We have isolated several cDNA clones for
the mouse Dmd gene from an adult ICR
mouse muscle cDNA library prepared in
Agtll (9). Together these clones span 2.5
kb at the extreme 5’ end of the murine Dmd
messenger RNA (mRNA). Aside from two
apparently polymorphic base substitutions,
these skeletal muscle clones are identical to
the cardiac muscle cDNAs previously re-
ported (5), confirming that the skeletal and
cardiac muscle transcripts are not differen-
tially spliced over this portion of the Dmd
gene.

We examined the expression of the Dmd
gene using RNA prepared from several tis-
sues of ICR mice, mdx mice, and two new
mdx isolates (designated 467 and 551) (8).
Dmd mRNA was detected by Northern
analysis at low levels in ICR skeletal and
cardiac muscle, and at very low levels in
brain, but was not detected in liver, kidney,
or spleen (Fig. 1A) (10). When skeletal
muscle from the three mdx mouse strains
was examined, Dmd mRNA of apparently
normal size was detected in each (Fig. 1A).
However, Dmd mRNA was not detected
via Northern analysis in the brain of any of
the mdx strains (Fig. 1A) (10). To control
for the amount of RNA loaded in each lane
and to examine the integrity of the RNA
samples, we rehybridized the Northern blot
shown in Fig. 1 with muscle-specific [y-
phosphorylase kinase (y-Phk) (11)] and
ubiquitously expressed [hypoxanthine phos-
phoribosyltransferase (HPRT) (12)] cDNA

probes (Fig. 1, B and C). The results indi-
cated that the mutant muscle RNAs were
underloaded and slightly less intact than the
control RNA, whereas the mdx brain sample
appeared slightly overloaded but as intact as
the control brain RNA. This experiment
demonstrated that approximately normal-
sized Dmd mRNA was detectable in brain
samples of ICR mice and in the muscle
samples of all three mutant mdx mice. How-
ever, we could not be sure whether the
weaker hybridization observed for the Dmd
c¢DNA with muscle and brain RNAs from
mdx mice reflected a reduction of Dmd
mRNA levels or was due to differences in
the quality and quantity of the RNA sam-
ples.

To explore the possibility of altered Dmd
mRNA levels in the three strains of mdx
mice, we elected to use the technique of
ribonuclease A (RNase A) protéction (13).
This method is more sensitive than North-
ern analysis, is highly specific, and results in
sharp bands due to protection from RNase
A of a short, complementary RNA (cRNA)
probe hybridized in solution to RNA. Fig-
ure 2A demonstrates that a cRNA probe
transcribed from the 530-bp Hind ITII-Bgl
II fragment at the 3’ end of the Dmd cDNA
XD-1 (9) is protected from cleavage with a
range of RNase A concentrations after hy-
bridization with ICR skeletal muscle RNA
(14). The probe is also protected by cardiac
muscle RNA, to a lesser extent by brain
RNA, but not by liver or transfer RNA
(Fig. 2B) (10). Since an identical 530-bp
fragment is protected from RNase A diges-
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Fig. 1. Northern blot analysis of mouse RNAs.
Samples (20 ug) of RNA from various tissues
were isolated (9), separated by electrophoresis
through 1% agarose/formaldehyde gels, trans-
ferred to GeneScreenPlus membranes (DuPont),
and hybridized with cDNA probes essentially as
described (12, 20). Autoradiograms from three
successive hybridizations of the same blot with
the indicated probes are shown. (A) Hybridiza-
tion with Dmd cDNA XD-1 (9), (B) hybridiza-
tion with mouse muscle y-Phk cDNA Phk-2 (11),
and (C) hybridization with mouse HPRT cDNA
HPT5 (12). Lane 1, ICR skeletal muscle; lane 2,
mdx skeletal muscle; lane 3, 467 skeletal muscle;
lane 4, 551 skeletal muscle; lane 5, ICR brain;
lane 6, mdx brain; and lane 7, ICR liver. Lane 1 in
(A) and all lanes in (B) are from 24-hour expo-
sures to film; the remaining lanes in (A) and those
in (C) are from 72-hour exposures to film. Long-
er exposure of the blots in (B) reveals similar low
levels of y-Phk mRNA in ICR and mdx brain.
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