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Analysis of the structure of Tetrahymena nuclear RNAs
in vivo: Telomerase RNA, the self-splicing rRNA
intron, and U2 snRNA
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ABSTRACT
Dimethyl sulfate modification of RNA in living Tetrahymena thermophila allowed assessment of RNA second-
ary structure and protein association. The self-splicing rRNA intron had the same methylation pattern in vivo
as in vitro, indicating that the structures are equivalent and suggesting that this RNA is not stably associated
with protein in the nucleolus. Methylation was consistent with the current secondary structure model. Much
of telomerase RNA was protected from methylation in vivo, but the A's and C's in the template region were
very reactive. Thus, most telomerase is not base paired to telomeres in vivo. Protein-free telomerase RNA adopts
a structure different from that in vivo, especially in the template and pseudoknot regions. The U2 snRNA showed
methylation protection at the Sm protein-binding sequence and the mRNA branch site recognition sequence.
For both telomerase RNA and U2 snRNA, the in vivo methylation pattern corresponded much better to the struc-
ture determined by comparative sequence analysis than did the in vitro methylation pattern. Thus, as expected,
comparative analysis gives the structure of the RNA in vivo.
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INTRODUCTION

In the macronuclei of Tetrahymena, the large rRNA is
synthesized as a precursor molecule containing a 413-nt
group I intron. The intron RNA folds to form an active
site for its own splicing reactions (Cech, 1990). Splic-
ing is estimated to occur -20-times more rapidly in
vivo than the optimal rate measured in vitro (Brehm &
Cech, 1983; Zhang et al., 1995), leaving open the possi-
bility that proteins further facilitate this RNA-catalyzed
reaction in the cell. Indeed, some group I introns form
stable RNA-protein complexes that enable splicing un-
der physiological conditions (Gampel et al., 1989; Lam-
bowitz & Perlman, 1990; Weeks & Cech, 1995), whereas
in other cases, RNA chaperones may bind transiently
to increase the fraction of correctly folded molecules
(Coetzee et al., 1994; Herschlag, 1995). Thus, the form
of the Tetrahymena pre-rRNA intron that is active in
vivo remains an open question.

Reprint requests to: Thomas R. Cech, Howard Hughes Medical
Institute, Department of Chemistry and Biochemistry, University of
Colorado, Boulder, Colorado 80309-0215, USA.

Another Tetrahymena RNA of much current interest
is its telomerase RNA, which provides the template for
telomeric DNA synthesis (Greider & Blackburn, 1989;
Yu et al., 1990). Telomerase is a ribonucleoprotein
whose protein and RNA components are both required
for activity (Greider & Blackbum, 1987). Among other
functions, protein may provide the active site that
binds TTP, dGTP, and the template-primer complex
and catalyzes primer elongation. The minimal roles of
the RNA would then be to act as template and to in-
teract with protein subunits. The secondary structure
of the Tetrahymena telomerase RNA has been deter-
mined by comparative sequence analysis (Romero &
Blackburn, 1991; ten Dam et al., 1991), and most of this
secondary structure is conserved in hypotrichous cili-
ates as well (Lingner et al., 1994). There is currently no
information regarding what portions of the RNA inter-
act with protein in vivo.
Chemical modification provides a valuable approach

to assess RNA structure and RNA-protein interactions
(Peattie & Gilbert, 1980; Moazed et al., 1986). Dimethyl
sulfate (DMS) enters living cells and reacts with mac-
romolecules including RNA and DNA, thereby pre-
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serving information about the accessibility of individual
atoms in vivo (Ephrussi et al., 1985; Nick & Gilbert,
1985; Price & Cech, 1987; Climie & Friesen, 1988; Ares
& Igel, 1990). Methylation of N-1 of A and N-3 of C,
which is not revealed by Maxam-Gilbert chemical
cleavage, is readily detected as stops or pauses during
primer extension by reverse transcriptase (Inoue &
Cech, 1985). Methylation at these positions is readily
interpreted because N-1 of A and N-3 of C are directly
involved in base pair formation; thus, these positions
are modifiable in single-stranded RNA and become
protected upon base pairing, tertiary structure forma-
tion, or binding by protein (Inoue & Cech, 1985;
Moazed et al., 1986).

In the current study, we have treated living Tetra-
hymena with DMS, extracted the RNA, and used spe-
cific primers to probe the sites of methylation of the
group I intron and telomerase RNAs. As a control, we
also probed the U2 snRNA, whose protein-binding in-
teractions in the snRNP are better known. We report
evidence for protein interaction with both U2 snRNA
and telomerase RNA, but find that the rRNA intron
has a modification pattern strikingly similar to that of
the deproteinized RNA.

RESULTS

Group I intron

The in vivo methylation pattern of the rRNA intron
was determined by primer extension from four differ-
ent primers. This gave overlapping information, allow-
ing all regions of the RNA to be assessed except for the
primer-binding site at the 3'-terminus (350-414) and the
positions closest to the 5' end of the full-length intron.
Judging by the low extent to which primer extension
proceeded beyond the 5' end of the intron, the RNA
being probed consisted mainly of the excised intron
rather than pre-rRNA. A sample of the data is shown
in Figure 1.

In the summary in Figure 2, A's and C's methylated
in vivo are indicated by arrows or arrowheads super-
imposed on the phylogenetically established second-
ary structure model. Approximately half of the A's in
single-stranded regions are methylated, as are some of
the C's (which are chemically less reactive and there-
fore often not detected; Inoue & Cech, 1985). Because
the secondary structure of this RNA is so well estab-
lished, most of the unmethylated A's in loop regions
are likely to be involved in tertiary interactions. Some
of these have been identified: L5b interacts with P6a
(Murphy & Cech, 1994), the A-rich bulge that inter-
rupts P5a is involved in a subdomain structure (Mur-
phy & Cech, 1994), L9.1 has been proposed to interact
with L2.1 (Been et al., 1987; Banerjee et al., 1993), and
L9 has been proposed to interact with base pair 2 (G-C)
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FIGURE 1. Group I intron. Example of in vivo methylation analyzed
by primer extension with reverse transcriptase. All lanes show ex-
tension of primer IP341-22, which allows the intron RNA to be ana-
lyzed in the mixture of total nuclear RNA. Lanes U, G, C, A,
dideoxynucleotide sequencing using unmethylated nuclear RNA.
Lanes in vivo (a) and in vivo (b), RNA methylated in vivo with 40 and
120 mM DMS, respectively. Dots represent primer extension stops
that were specific to in vivo methylation (nucleotides identified at the
right). Termination at a methylated site occurs one nucleotide prior
to the corresponding dideoxy termination product. Lane in vivo (0),
a control in which the 3-mercaptoethanol stop solution was added
to the cells prior to the DMS. Lane 0, primer extension of unmeth-
ylated nuclear RNA without dideoxynucleotides.

of P5 in a subgroup of group I introns (Michel &
Westhof, 1990).

In marked contrast, the A's and C's in proposed
double-stranded regions are almost all protected from
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FIGURE 2. Sites of DMS modification of the group I intron superimposed on the secondary structure determined by com-
parative sequence analysis (Michel & Westhof, 1990). The domain structure representation shown here is from Cech et al.
(1994), with light boxes around nucleotides implicated in tertiary interactions. Arrows show sites of modification in vivo;
circled nucleotides show sites of modification after deproteinization. Filled dots, nucleotides that could not be evaluated
due to primer binding site. Open dots, nucleotides too close to the 3'-terminal primer or too close to the 5' end to be read
with confidence.
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methylation. There are only two exceptions, A173 in
P5c and A314 in P9.0. The A314 modification suggests
that P9.0, which contributes to the second step of RNA
splicing (Burke et al., 1990; Michel et al., 1990), may be
paired only transiently or only in a specific stage of
splicing. A detailed study of this interaction in the case
of the sunY intron has shown that the P9.0 pairing is
present in at least some precursor molecules prior to
splicing (Jaeger et al., 1993). However, these authors
also show that this interaction confers no additional
stability to the intron core, so it is reasonable to think
of it as functioning to bring the 3' splice site "substrate"
into the catalytic core for step 2 of splicing. As such,
it is reasonable that P9.0 in the Tetrahymena intron
might be one of the more labile pairing interactions.

In addition, the nuclear RNA was deproteinized
prior to DMS treatment and analyzed by primer exten-
sion and gel electrophoresis side by side with RNA
methylated in vivo (multiple experiments; data not
shown). The in vitro and in vivo patterns agreed at 27
of 31 positions (Fig. 2; Table 1). This provides strong
evidence that the RNA structure is essentially the same
in vivo and in vitro and provides an argument against
the RNA being stably associated with protein. A small
number of positions were more reactive to DMS in vivo
than in vitro: the A's in L5c, A115 in the P4-P5 inter-
nal loop, and A314 in P9.0. Such a difference in struc-
ture could result if the in vitro conditions overstabilized
the RNA structure relative to the state in vivo, or if the
RNA folding was slightly different in vitro.

Telomerase RNA

The in vivo methylation pattern of telomerase RNA
was analyzed using the same RNA samples used to an-
alyze the group I intron. Primer extension in the pres-
ence of ddNTPs clearly revealed the known sequence
of telomerase RNA (data not shown). Many of the A's
and C's are protected from methylation in vivo, although
the template region is strongly modified (Fig. 3A; com-
pare lane in vivo with the control lane in vivo (0)). The
occasional strong bands in the in vivo (0) lane (e.g.,
AllO, U68, U57) were not observed when nuclear RNA
was first purified and then methylated in vitro (data

TABLE 1. Correspondence of nucleotides methylated in vivo and
in vitro.

Number of nucleotides
methylateda

Only in Only in Agreementb Agreement if
RNA vitro vivo Both Total (%) randomc (%)

Group I 1 3 27 31 87 10
Telomerase 21 8 20 49 41 31
U2 snRNA 10 2 13 25 52 20

a Both, methylated both in vitro and in vivo; total, methylated in
vitro or in vivo or both. Strong and weak extents of methylation were
lumped together for this analysis.

b Percent correspondence between in vitro and in vivo methyl-
ation patterns, calculated as (Both/Total) x 100.

c Percent correspondence between the two methylation patterns
if both patterns were random, calculated as Pin vitro X Pin vivo X 100/
[Pin vitro + Pin vivo - (Pin vitro X Pin vivo)]. Pin vitro = probability of a
given A or C being methylated in vitro if the RNA structure is ran-
dom = (number of nucleotides methylated in vitro)/n, where n = total
number of A's and C's in the molecule. n = 159 for group I RNA, 72
for telomerase RNA, and 55 for U2 RNA. Pin vivo was calculated anal-
ogously, substituting "in vivo" for "in vitro" in the equation.

not shown). Therefore, these do not represent mol-
ecules that are normally nicked or truncated in vivo,
but they could represent molecules nicked by a nuclease
that was activated upon exposure to the 13-mercapto-
ethanol used to quench the DMS prior to deproteiniza-
tion. The intensities of these reverse transcriptase
products were subtracted from those of the "in vivo"
distribution prior to analysis, and in a few cases their
intensity was great enough to prevent assignment of
the state of methylation of a particular position.

In the summary in Figure 3B, A's and C's methylated
in vivo are again indicated by arrows superimposed on
the phylogenetic secondary structure model (Romero
& Blackburn, 1991). In this case, the assignment of
strongly and weakly methylated sites was based on
quantitation of the amount of radioactivity per band
(see figure legend), which agreed closely with visual
assessment of band intensities. The structure probing
data correspond very closely to the proposed second-
ary structure: 21 of the 28 proposed single-stranded A's
were methylated, whereas only 1 of the 17 proposed

FIGURE 3. (Facing page.) Telomerase RNA. A: Structure probing in vivo and in vitro. Lanes U, G, C, A, dideoxy chain
termination sequencing of an unmethylated T7 RNA polymerase transcript. Lane 0, primer extension in the absence of
dideoxynucleotides. Lane in vivo, treatment of living Tetrahymena with 80mM DMS. Lane in vivo (0), stop control in which
cells were exposed to DMS after the addition of excess ,B-mercaptoethanol. Lanes in vitro, T7 transcripts of telomerase RNA
treated with DMS for the time indicated (min). Reverse transcriptase stops one nucleotide prior to a methylated base, so
bands are offset one nucleotide from the dideoxy sequencing ladder. Black dots to right of bands indicate stops seen in
the in vivo lane relative to in vivo (0) (the latter being more intensely represented in this gel). B: Sites of DMS modification
superimposed on the secondary structure determined by comparative sequence analysis. Symbols as in Fig-
ure 1, except that strong and weak methylation sites were determined by PhosphorImager quantitation (strong, >50% of
maximum intensity; weak, 20-50% of maximum). These criteria were chosen in part because they agreed with visual as-
sessment of band intensities. Template region (C43-A51) includes both the template and the primer alignment region
(Greider & Blackburn, 1989; Autexier & Greider, 1994).
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base paired A's was methylated (A112, which is at the
end of stem IV and thus may undergo breathing). The
methylation pattern suggests that the pseudoknot is
formed in vivo: the sequence AACC at positions 69-72
and the A's in stem III are not methylated in vivo,
whereas they are methylated in vitro. Alternatively or

in addition, binding of proteins could directly protect
this region of the RNA from methylation in vivo.

Single-stranded A's that are not methylated in vivo
are likely to be involved in RNA-protein interactions
or as yet unidentified RNA tertiary structure. Candi-
dates include A16 (and the adjacent C), the A's in the
hairpin loop of stem III adjacent to the pseudoknot,
and bulged A122 in stem IV. Cytosines 39 and 62,
methylated in vitro put protected in vivo, are also can-

didates for such interactions.
For comparison, the positions methylated in vitro are

circled in Figure 3B. Here the correspondence with the
secondary structure is marginal: 8 of the 17 proposed
base-paired A's were methylated, and 4 proposed
base-paired C's were methylated. (Methylation of C's
is particularly revealing, because they are intrinsically
less reactive than A's.) Thus, the central part of stem
IV, stem III, and the pseudoknot appear to be unfolded
in vitro. Direct comparison of the in vivo and in vitro
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methylation patterns showed 41% agreement (Table 1).
This is slightly higher than the 31% correspondence ex-

pected for random superposition of two distributions
with this extent of methylation.
We were concerned that the deproteinized telomer-

ase RNA present in the mixture of all nuclear RNAs
might have had its structure altered by pairing with
other RNA molecules. A DNA template was therefore
constructed to allow transcription of homogeneous
telomerase RNA, starting at nucleotide Al, using T7
RNA polymerase. The methylation pattern of the pu-
rified T7 transcript (Fig. 3A) was essentially identical
to that of telomerase RNA in the nuclear RNA mixture
(data not shown). This result alleviated the concern

that interaction of deproteinized telomerase RNA with
other nuclear RNAs might have altered its structure.
To provide a quantitative basis for evaluating the

telomerase RNA methylation data, the gels were

scanned with a PhosphorImager. Background signal
not attributable to methylation was subtracted from
each scan, i.e., in vitro (0) was subtracted from in vitro
(30) and in vivo (0) from in vivo. A portion of these cor-

rected scans is shown in Figure 4. Concerning the in
vivo methylation, we conclude: (1) the template region
is methylated relatively uniformly, varying within a

FIGURE 4. Quantitation of telomerase
RNA methylation. The gel shown in Fig-
ure 3A was scanned using a Phosphor-
Imager. Top scan, in vivo methylation
and in vivo (0) control lanes were normal-
ized to the same total number of counts
per lane; Difference = in vivo - in
vivo (0). Negative peaks represent dam-
age to the nuclear RNA when the f3-mer-

captoethanol stop solution was added
prior to the DMS; this prevents evalua-
tion of the in vivo methylation of these
positions. Bottom scan, in vitro (30)
methylation and in vitro (0) control lanes
were normalized as above. Difference =
in vitro (30) - in vitro (0). Top and bottom
scans are aligned vertically to facilitate
comparison. Dashed lines show levels
used to assign strong methylation
(>50% of maximum) and weak methyl-
ation (20-50%).
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twofold range for C43-A54; (2) the template region has
a level of methylation as great as any part of the mol-
ecule, suggesting full accessibility; (3) the only other
residues as intensely methylated as the template are
A100 and A101, which lie between stems III and I, and
A110 and Alll, which join stems I and IV; and (4) the
pseudoknot nucleotides A69-C72 have no detectable
methylation (<5% that obtained in vitro). Note that the
background noise level is such that it is difficult to be
confident about methylation levels <20% of that of the
maximum (e.g., C62 falls slightly below this standard
and is not marked, and A40 falls slightly above this
standard and is marked).

U2 snRNA

The in vivo methylation pattern of the U2 snRNA could
be read from the 3' region through the branch point in-
teraction sequence (BPS) from a single primer (Fig. 5A).
The methylated positions (arrows) are shown in Fig-
ure 5B, superimposed on the secondary structure of the
Tetrahymena U2 snRNA established by comparative se-
quence analysis (0rum et al., 1991; Guthrie & Patter-
son, 1988). As in the case of the group I intron and
telomerase RNAs, the majority of the A's and five C's
proposed to be in single-stranded regions were meth-
ylated in vivo, whereas none of the 11 A's in proposed
duplex regions was methylated. This provides good
support for the proposed secondary structure.
The Sm protein-binding site (underlined) contains

two A's, A100 and A107, that are methylated in the de-
proteinized RNA. A107 is protected from methylation
in vivo, presumably because of Sm protein binding,
whereas A100 is not protected. The BPS that pairs with
the branch point sequence in the pre-mRNA contains
A35 and A38, both protected from methylation in vivo.
The possibility of a pseudoknot involving loop Ila

paired with nucleotides 90-95 (indicated by a question
mark in Fig. 5B) has been evaluated in the case of the
yeast U2 snRNP by Ares and Igel (1990). They pro-
vided both genetic and in vivo chemical probing data
supporting the existence of stems Ila and Ilb, but con-
tradicting the pseudoknot interaction. Our data pro-
vide evidence against the pseudoknot interaction for
the majority of Tetrahymena U2 snRNPs because A57,
A58, and A59 are methylated in vivo as they are with
deproteinized RNA. We certainly cannot rule out that
the pseudoknot might be formed a small fraction of the
time, or that a minor subpopulation of the snRNPs
might have it stably formed.
As with the previous RNAs, it is worth comparing

the in vivo data with that obtained from DMS treat-
ment of nuclear RNA after deproteinization (Table 1).
They agree in 13 of 25 positions (52%), a value signifi-
cantly higher than the 20% agreement expected for ran-
dom superposition of two methylation patterns but

with the group I RNA. The difference between in vivo
and in vitro patterns has two causes: the accessibility
of the Sm site (and perhaps the BPS) upon deprotein-
ation is presumably due to disruption of biologically
relevant interactions, whereas the accessibility of C50
and A64 in stem IIa and of A122, A138, and A145 in
stem III seems likely to result from incorrect folding of
these regions after deproteinization.

DISCUSSION

The purpose of this study was to evaluate RNA struc-
ture and to identify sites of protein binding for the self-
splicing rRNA intron and telomerase RNA in vivo. The
approach was to methylate RNA in living Tetrahymena,
then isolate nuclear RNA and map N-1-methyl A and
N-3-methyl C by reverse transcription (Inoue & Cech,
1985; Moazed et al., 1986). For comparison, total depro-
teinized nuclear RNA and, in the case of telomerase
RNA, a homogeneous T7 RNA polymerase transcript
were methylated. The U2 snRNA provided a control
for an RNA known to exist as an RNP in vivo.

Group I intron

The reason for suspecting protein complexation with
the pre-rRNA intron concerns the rate of splicing,
which is -20-fold faster in vivo than under optimal
conditions in vitro (compare Brehm & Cech, 1983; Cech
& Bass, 1986). Zhang et al. (1995) see a similar rate en-
hancement when the Tetrahymena intron is expressed
as part of the 23S rRNA in Escherichia coli, suggesting
that the factors responsible are not species specific.
Considering that a number of group I introns, even
self-splicing ones, have protein facilitators in vivo
(Gampel et al., 1989; reviewed by Cech, 1990 and by
Lambowitz & Perlman, 1990), it seemed quite possible
that we would find evidence of protein binding. In-
stead, we found no sites that were available to meth-
ylation in vitro but protected in vivo. This negative
result is made more convincing by the positive evi-
dence for protein binding seen with the telomerase and
U2 RNAs.
How, then, is the self-splicing rate enhanced in vivo?

The protein hypothesis has not been eliminated. It
seems possible that a protein could be bound to the in-
tron in vivo but protect no A residues, or could be
bound only transiently and therefore difficult to detect
in the steady-state population of RNA. Alternatively,
the RNA might fold into a similar but more active struc-
ture in vivo (note there were three nucleotides more
strongly modified in vivo than in vitro, including A115,
which has been implicated in positioning the splice site
for reaction; Wang et al., 1993). As another alternative,
our "optimal" in vitro conditions might have over-
looked some small molecule present in the cell that fa-
cilitates splicing, such as an unusual polyamine not yet
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tested. None of these possibilities seems very plausi-
ble, making the mystery of the higher in vivo rate all
the more intriguing.

There is striking agreement between the in vitro and
in vivo patterns of methylation of the intron. When the
in vitro pattern is compared with that determined pre-
viously for the circular form of the intron (Inoue &
Cech, 1985), there is 91% agreement (62 of 68 A's and
C's; the C's were counted only when they were reac-
tive). This agreement seems excellent considering that
different forms of the intron were analyzed and that dif-
ferent solution conditions were employed (same MgCl2
concentration, but Inoue and Cech added 58mM NaCl
and methylated at 30°C rather than room tempera-
ture; see Jaeger et al. [1990] for data at other solution
conditions).

U2 snRNP

Our in vivo data on the Tetrahymena U2 RNA can be
compared to the in vivo DMS experiments on yeast U2
reported by Ares and Igel (1990). The methylation pat-
terns are substantially similar, with reaction in the
loops of stems Ila and lIb supporting their existence
and providing an argument against a pseudoknot in-
volving the Ila loop. The Sm protein-binding sites are
difficult to compare; uracil is unreactive with DMS, and
the sequences flanking the run of U's differ between
yeast and Tetrahymena. We interpret A107 as interact-
ing with an Sm protein, because it is methylated in de-
proteinized RNA and shows no methylation in vivo.
Unfortunately, the corresponding nucleotide in yeast
U2 is a G, preventing comparison. The sequence
GUAGUA that pairs with the pre-mRNA branch site
(Parker et al., 1987) is present in the same location in
Tetrahymena and yeast U2 snRNA. In yeast, both A's
are accessible, indicating that the bulk of U2 is not base
paired to introns (Ares & Igel, 1990). In contrast, in
Tetrahymena, the A's are both methylated in deprotein-
ized RNA but protected from methylation in vivo. We
do not know the source of this protection and certainly
think it would be premature to conclude that most of
the U2 snRNP is paired with pre-mRNA in Tetrahymena.

Telomerase RNA

The pattern of methylation of A's and C's for telomer-
ase RNA in vivo gives strong support for the second-
ary structure model of Romero and Blackburn (1991) as
extended by ten Dam et al. (1991), who added the
pseudoknot. There is only one discrepancy-A112 is
weakly methylated and shown as base paired in the
model, although it does occur at the terminus of a du-
plex region. Thus, this structure model (Fig. 3B) ap-
pears to be about as good as that of the well-studied
group I intron, where there were two A's methylated

We also conclude that, in rapidly dividing cells, the
template region of telomerase RNA is not telomere-
bound. Given that the Tetrahymena macronucleus con-
tains 18,000-40,000 molecules of telomerase and -40,000
telomeres (Avilion et al., 1992), it was conceivable that
most of the telomerase could have been engaged with
telomeres in the steady state. We have recently shown
by in situ hybridization that in the Oxytricha nova and
Euplotes aediculatus macronuclei, most of the telomer-
ase is sequestered away from telomeres (Fang & Cech,
1995). If a similar situation pertains in Tetrahymena, it
would be predictable that the template region of telo-
merase RNA would be accessible.
Lingner et al. (1994) suggested that the pseudoknot

might alternate between two conformations during the
primer elongation-translocation cycle. The present
data are consistent with the specific model where the
pseudoknot is formed when the template is unoccu-
pied. If the suggestion of dynamic pseudoknot is co1-
rect, the pseudoknot would then convert to the single
stem-loop III upon primer binding or elongation.
Telomerase is an RNP, containing > 150 kDa of pro-

tein in Tetrahymena (Greider & Blackburn, 1987). The
location of protein subunits relative to the RNA is of
considerable interest. As described in the Results, our
methylation analysis implicates protein binding for the
hairpin loop of stem III adjacent to the pseudoknot,
the bulge around A122 in stem IV, and three sites on
the central wheel: C15-A16, C39, and C62. C39 is note-
worthy because it resides in the (U)GUCA sequence
that precedes the template by two bases and is con-
served among phylogenetically distant telomerase
RNAs (Lingner et al., 1994; McCormick-Graham &
Romero, 1995). These conclusions about protein bind-
ing are based on comparison of the methylation data
with the structure derived from comparative analysis;
by themselves, our data cannot differentiate between
direct protein binding and protein-induced RNA struc-
ture formation. In addition, we suggest that the tem-
plate region is likely to be in close proximity to protein
in such a manner that its base pairing face is accessi-
ble. This conclusion derives from the observation that
C46, C47, C48, and C49 are highly methylated in vivo
and methylated more than they are in vitro (Fig. 4).
This is most easily understood by there being a protein
environment that increases the local concentration of
DMS or enhances the modification reaction.

Telomerase RNA folds differently in vitro
than in vivo

The structure of Tetrahymena telomerase RNA in vitro
has recently been probed by diethylpyrocarbonate
(DEPC) and by nucleases (Bhattacharyya & Blackburn,
1994). Although DEPC probes the N-7 of A, whereas
DMS probes its base pairing face, previous studies with
the Tetrahymena circular IVS (Inoue & Cech, 1985) in-
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dicate that they tend to correspond in their identifica-
tion of single-stranded nucleotides. Our in vitro DMS
data are in striking correlation with the DEPC data of
Bhattacharyya and Blackburn (1994). All of our major
sites (Fig. 3B) are marked on their Figure 1C, and al-
though the relative intensities do not always agree, this
may be expected because of the different chemistry of
DMS and DEPC reaction.
The correspondence between our in vitro and in vivo

methylation patterns is only 41%, which is somewhat
higher than the 31% correspondence expected for two
random distributions (Table 1). Two types of sites con-
tribute to the low extent of agreement: (1) The 21 nu-
cleotides methylated in vitro but not in vivo can be
explained either as the removal of a protein "footprint"
or as RNA structural changes occurring upon protein
removal. Some of these nucleotides are in the pseudo-
knot (including stem III), structures that are apparently
not stably formed in vitro (see also Bhattacharyya &
Blackburn, 1994). (2) The eight nucleotides methylated
only in vivo are most simply interpreted as reflecting
differences in the RNA structures. More specifically, a
portion of the template is methylated only in vivo, pre-
sumably because of misfolding in vitro; perhaps it un-
dergoes fortuitous interactions with other nucleotides
that are sequestered by bound protein in the RNP. Mis-
folding of RNA in vitro is not unusual (Uhlenbeck,
1995).

Nevertheless, the incorrect structure of the depro-
teinized RNA leads to some intriguing questions.
Might the low efficiency of reconstitution of active telo-
merase (Autexier & Greider, 1994) be due to the low
proportion of correctly folded RNA? Although incor-
rectly folded RNA would provide an energetic barrier
to protein-RNA complexation, does the RNP neverthe-
less form spontaneously? Or is it assisted in vivo by
RNA chaperones?
One of the tenets of comparative sequence analysis

of RNA is that the derived structure should be that
which pertains in vivo (e.g., see Fig. 10 of Moazed et al.,
1986). The current study provides another strong ex-
ample. Chemical modification of the RNA in vitro gave
little correlation with the proposed secondary struc-
ture: 8 of the 17 proposed base paired A's were meth-
ylated, approaching the number of 10 that would result
from the same number of methyl groups being ran-
domly distributed among the A's. In contrast, chemical
modification in vivo modified only 1 of the 17 proposed
base-paired A's, and it was at a helix terminus. Thus,
the structure determined by Romero and Blackburn
(1991) by comparative analysis represents the structure
of telomerase RNA in vivo, as it should.

MATERIALS AND METHODS

Growth of cells

Ciba-Geigy). One-liter cultures were grown in 2.8-L Fembach
flasks at 30 °C with gentle shaking. Cells were grown to a
density of 1.0 x 105 cells/mL, then collected by centrifuga-
tion for 10 min at 3,000 rpm (1,000 x g) in a Beckman JA-10
rotor.

Isolation of nuclear RNA

The general method followed that of Higashinakagawa et al.
(1975). All steps were performed at 4 °C or on ice. Cell pel-
lets were resuspended in 90 mL TMS buffer (0.01M Tris-HCl,
pH 7.5, 0.01M MgCl2, 0.003M CaCl2, 0.25 M sucrose) on ice
in a 250-mL siliconized beaker. The cells were stirred by
means of a stainless steel stirring rod attached to an overhead
motor and lysed by the addition of freshly prepared 1% NP-40
in TMS to give a final NP-40 concentration of 0.16%. After
20 min of stirring, 0.815 g sucrose was added for each 1 mL
solution, and stirring continued until the sucrose dissolved
(about 20 min). Nuclei were pelleted (9,000 x g, 30 min) in
a JS 13 rotor (Beckman), washed in TMS, and resuspended
in 0.5 mL H20. RNA was extracted by adding 1 mL TRI re-
agent (Molecular Research Center, Inc.) to resuspended nu-
clei with vortexing. After the addition of 200 AL of SEVAG
(chloroform:isoamyl alcohol, 24:1), the organic and aqueous
phases were separated by centrifugation for 10 min at 4 'C.
Following the addition of 750 ttL isopropanol to the aqueous
phase, the RNA was pelleted by centrifugation, washed with
70% ethanol, resuspended in 50 AL H20, and quantitated
spectrophotometrically.

Treatment of cells with DMS

One-liter cultures of Tetrahymena thermophila were grown and
harvested as described above and resuspended in fresh room-
temperature TMS to a final volume of 4 mL. After the addition
of 15-60 ytL of DMS (Sigma; 40-160mM final concentration),
the cell suspension was gently rocked for 2 min at room tem-
perature. i3-Mercaptoethanol (200 tiL of 14.3 M) was added
to the cells to quench the DMS (final concentration of 0.7 M).
Nuclear RNA was isolated as above using TMS supple-
mented with 2 mM ,3-mercaptoethanol. Mock-treated cells
had the ,B-mercaptoethanol quench prior to the addition of
DMS, and RNA was isolated as described for DMS-treated
cells.

DMS treatment of deproteinized nuclear RNA
or T7 RNA transcripts

In a typical DMS treatment, 3-6 yig of nuclear RNA was
added to 300 ,uL of 30 mM Hepes, pH 7.5, and 10 mM
MgCl2. The RNA was renatured by incubation at 50 °C for
5-10 min, then allowed to cool to room temperature. After
this preincubation, a 100-,uL portion was removed and added
to 50 itL of "stop mix" consisting of 0.5M 3-mercaptoethanol
and 0.75 M NaOAc, pH 5.5. To the remaining 200 ytL, 2 ,uL
of diluted DMS (2 ,uL DMS diluted with 5 AL absolute etha-
nol) was added and mixed vigorously, giving a final DMS
concentration of 42 mM, and incubated at room temperature.
At various times (usually 15, 30, and 60 min), 100-,uL portions
were removed and added to 50 ,uL of stop mix to quench the
DMS. The modified nuclear RNA was precipitated with 3 vol-
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peptone (Dffco) and 0.003% sequestrine (an iron supplement,
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umes of ethanol, washed with 70% ethanol, and dissolved
in 16 /L H20.

Mapping modified adenines and cytosines
by primer extension

32P-end-labeled DNA primers for telomerase RNA (TTI110-26
and TT134-26), U2 RNA (U2 166-23), and the pre-rRNA in-
tron (IP67-17, IP126-25, IP274-22, and IP341-22) were an-
nealed to DMS-treated RNA in 0.05 M Tris HCI, pH 8.3,
0.06M NaCl, and 0.01 M DTT by boiling for 1 min and then
cooling on ice or at room temperature. (Primer nomenclature:
first number indicates nucleotide in the RNA to which the 3'
end of the primer hybridizes, and second number indicates
length of primer in nucleotides.) Reverse transcription was
initiated by the addition of dNTPs (Pharmacia/LKB) and
AMV reverse transcriptase (Life Sciences) at room tempera-
ture in 0.05 M Tris-HCl, pH 8.3, 0.006 M MgOAc, 0.06 M
NaCl, and 0.01 M DTT, followed by incubation for 15 min at
60 °C for telomerase RNA or 50 °C for U2 and IVS RNA. (The
higher temperature was required to inhibit primers from an-
nealing to other RNAs.) In addition, a sample of nuclear RNA
(not treated with DMS) or an in vitro T7 RNA polymerase
transcript was sequenced using the same primers. Transcription
was stopped by the addition of stop mix (95% formamide,
O.lx TBE, 0.025% xylene cyanol, and 0.025% bromophenol
blue). Products were run on 8% polyacrylamide (acrylamide:
bis-acrylamide, 29:1)/8 M urea gels in lx TBE and analyzed
by autoradiography or PhosphorImager (Molecular Dynam-
ics) scanning.

Construction of template for transcription of
telomerase RNA by T7 RNA polymerase

PCR was done in 100-ItL reactions containing 10 mM Tris-
HCl, pH 8.3, 4 mM MgC12, 50 mM KCI, 0.2 mM each dNTP,
and 2.5 units Taq polymerase (Boehringer-Mannheim), using
genomic DNA from T. thermophila embedded in agarose
(Conover & Brunk, 1986) and primers based on the published
sequence of telomerase RNA (Greider & Blackburn, 1989).
The 5' primer encoded an EcoR I restriction endonuclease site
for cloning, a promoter for T7 RNA polymerase, and a ham-
merhead ribozyme self-cleavage domain to process the 5' end
of the RNA. The 3' primer encoded an Ear I site for termina-
tion of T7 RNA transcription and a BamH I site for cloning.
DNA was denatured for 4 min at 94 °C and then amplified
in 30 cycles, each involving denaturation for 1 min at 94 °C
and annealing and polymerization for 2 min at 65 'C. Reac-
tions were finished with a final polymerization step for 10 min
at 65 'C and then held at 4 'C. Products were analyzed on a
4% NuSieve (FMC Corporation) agarose gel. A band corre-
sponding to the proper size was purified and cloned into
pUC-19. Clones were screened by restriction endonuclease
digestion and sequencing (USB Sequenase kits).
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