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Tetrahymena thermophila is an ideal organism with which to study functional aspects of the rRNAs in vivo
since the somatic rRNA genes of T. thermophila can be totally replaced by cloned copies introduced via
microinjection. In this study, we made small insertions into seven sites within the small subunit rRNA gene and
observed their phenotypic effects on transformed cells. Two mutated genes coding for rRNA (rDNAs), both of
which bear insertions in highly conserved sequences, failed to transform and are therefore believed to produce
nonfunctional rRNAs. Three other altered rDNAs produce functional rRNAs that can substitute for most or all
of the cellular rRNA. Two of these bear insertions in highly variable regions, and, surprisingly, the other has
an insertion in a region that is well conserved for both sequence and secondary structure among eucaryotes. In
addition, two other insertions appear to destabilize rRNAs that contain them. Our findings make predictions
concerning the positions of some of these sites within the tertiary structure of the small ribosomal subunit and
thus serve as an in vivo test of the existing tertiary structure models for the small subunit rRNA. Our results
are in good agreement with expectations based on sequence comparison and in vitro work.

Although it is generally acknowledged that rRNAs play a
crucial functional role in translation, the molecular details of
this process are poorly understood. The physical structure of
small subunit (SSU) rRNAs has been extensively investi-
gated. Primary sequences from at least 275 organisms have
been reported (25). A model for secondary structure of the
SSU rRNA (26) has been confirmed by biochemical evidence
(18) and the accumulation of additional sequence data (25).
Sequencing results have revealed many regions of high
sequence conservation, which presumably play an important
role in ribosome structure or function. Several models for
the tertiary structure of the small ribosomal subunit have
been proposed on the basis of different sets of data (3, 24, 27,
38). Genetic studies have identified specific bases that are
important for ribosome assembly (43), subunit association
(32), and translational initiation, accuracy, and termination
(9, 10, 20, 41, 44). In vitro studies have identified bases that
can be cross-linked to tRNA (33). Bases that can be pro-
tected from chemical or enzymatic attack by the binding of
tRNAs, message, and the large ribosomal subunit have also
been identified (16, 17).

Genetic studies with rRNA genes (rDNA) have been
difficult, since the rDNA is present in multiple copies in most
organisms. Two exceptions to this are Tetrahymena thermo-
phila (46) and Halobacterium halobium (15). Most classical
genetic studies have been confined to mitochondrial ge-
nomes, which often contain only one copy of the rDNA. In
recent years, problems inherent in this type of study have
been circumvented in some systems (9, 12, 23, 40, 41, 43).
One such system is T. thermophila, in which the resident
rDNA can be replaced with rDNA introduced via microin-
jection (49). Since the present understanding of the molecu-
lar basis of rRNA function is very limited, we have per-
formed a mutagenesis study of the SSU rRNA, hoping to
uncover interesting but previously uninvestigated regions.
We have examined several aspects of the phenotypes of cells
transformed with each of 10 altered rDNA constructs bear-
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ing insertions at seven different sites within the SSU rRNA
gene.
The system we have used possesses some special features

that are relevant to the present study. T. thermophila has
two nuclei: a micronucleus, or germline nucleus, and a

macronucleus, or somatic nucleus, in which virtually all
transcription takes place (11). The micronucleus contains
five pairs of chromosomes and only one pair of rRNA genes
(46), one on each copy of chromosome II (4, 5). The
macronucleus is derived from a replicate of the micronuclear
genome and contains an amplified genome with about 85%
the sequence complexity of the micronucleus (47). During
vegetative growth, the macronucleus divides amitotically,
which can lead to the sorting out of different alleles of the
same gene into different progeny cells (28, 29). During
conjugation, cells of different mating types fuse, their micro-
nuclei undergo meiosis, and their macronuclei are degraded.
Each mating partner forms a new, diploid micronucleus
through the fusion of two haploid meiotic nuclei, one do-
nated by each parent. New macronuclei are formed from
replicates of the new micronuclei. During this process, the
genome goes through a specific series of cleavages, dele-
tions, telomere additions, and gene amplification events. The
chromosomes are fragmented into molecules with an aver-
age size of 600 kb, and these are amplified to about 45 copies
per macronucleus (45). The rDNA is converted from a single
gene copy integrated into a chromosome to an extrachromo-
somal palindromic molecule 21 kb in size (Fig. 1). This
molecule is present in about 9,000 copies per macronucleus
(48).
An rDNA-based transformation system (42) facilitates the

present work. It utilizes two genetic markers, one of which
is a single base change near the 3' end of the 17S rRNA gene
(Pmr) that confers paromomycin resistance (pm-r) in T.
thermophila (5, 36). Another arises from two inbreeding
lines of T. thermophila, the C3 type and the B type. The C3
type rDNA is preferentially maintained in the macronuclei of
cells containing both C3 and B type rDNA, usually resulting
in complete loss of B type rDNA from the macronucleus (13,
30, 42). When developing macronuclei of mating cells that
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FIG. 1. Conversion of micronuclear rDNA to macronuclear rDNA. The upper diagram represents the single copy of the rDNA found on
micronuclear chromosome II. The lower diagram represents the 21-kb palindromic macronuclear rDNA. Regions on the DNA are indicated
as follows: shaded, micronuclear DNA that is not included in the macronuclear rDNA molecule; open, noncoding regions included in the
macronuclear rDNA; hatched, coding regions of the rDNA; solid, telomeres. The names of the rRNA genes and the direction of transcription
are indicated above each diagram. IVS means intervening sequence, which is spliced out posttranscriptionally. Below the lower diagram are
position numbers relative to the center of the palindromic macronuclear rDNA. This numbering system is used throughout this paper to refer
to positions in the rDNA and rRNA.

are B type and paromomycin sensitive (pm-s) are injected
with a cloned copy of the micronuclear version of Pmr, C3
type rDNA, pm-r transformants are obtained at a frequency
of between 0.5 and 10.0% of the injected cells. Most of these
pm-r transformants have completely replaced their host
rDNA with an injected rDNA, which has been accurately
processed into a palindromic, macronuclear form rDNA (40,
49).

In the present study, we have introduced small insertions
into seven sites within the SSU rRNA gene and have used
these mutated rDNAs to transform wild-type cells. In most
cases, pm-r transformants were obtained, and several as-
pects of the phenotypes of these transformed lines were
observed. Our results suggest that some mutated rRNAs are
fully functional and others are nonfunctional. In some cases,
these data can be interpreted as being supportive or nonsup-
portive of the existing models for the tertiary structure of the
SSU.

MATERIALS AND METHODS
Strains, culture conditions, and transformation. The strains

CU427 (Chx/Chx [VI, cy-s]) and CU428 (Mpr/Mpr [VII,
mp-s]) from the inbreeding line B were obtained from Peter
Bruns. Cells were grown in enriched peptone media (6) with
or without paromomycin (100 ,ug/ml; obtained as capsules of
paromomycin sulfate [Humatin] from Parke-Davis). CU427
and CU428 were mated and subjected to microinjection as
previously described (42, 49).

Construction of altered rDNAs. The construction of altered
rDNAs is diagrammed in Fig. 2. The plasmid 947-400 (iden-
tical to D5-400 [50]), which contains a micronuclear copy of
the Tetrahymena rDNA as well as a gene conferring ampi-
cillin resistance in bacteria, was partially digested with Hinfl
or DdeI to yield molecules that were uncut or cut only once.
Conditions for such digestions were determined empirically
with the work of Parker et al. (31) as a guide. The plasmid
SQ60 was constructed by replacing the polylinker of pHSS6
(34), which contains a kanamycin resistance gene, with one
formed from two synthetic oligonucleotides. The sequences
of these synthetic oligonucleotides are 5'GGCCGCTlTlAAA
GGTTACCCCGGGGGGCCCGTCGACGC3' and 5'GGCC
GCGTCGACGGGCCCCCCGGGGTAACCTTTAAA
GC3'. SQ60 was digested with Dral, creating a blunt end
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FIG. 2. Construction of the linker insertions. This series of steps
is described in detail in Materials and Methods. Different regions on
these plasmid DNAs are indicated as follows: hatched, coding
regions of the rDNA; open, noncoding regions included in the
macronuclear rDNA (except in the plasmid SQ60, where they
represent vector sequences); shaded, micronuclear sequences that
are not present in macronuclear rDNA; checkered, pUC19 se-
quences containing the ampicillin resistance (Ampr) gene. The
following abbreviations indicate restriction sites: H, Hinfl; Dd,
DdeI; N, Notl; D, DraI; B, BstEII; S, SmaI; A, ApaI; L, Sall; and
K, KpnI. (D) indicates one-half of a Dral site at which cleavage has
occurred. Kanr, kanamycin resistance gene.
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within the polylinker. Two synthetic adaptor molecules
containing a KIpnI site were made, which were blunt on one
end and had an overhang matching that left by Hinfl or DdeI
on the other end. The sequences of the oligonucleotides
comprising the Hinfl adaptor are 5'ANTCGGTACCCGC3'
and 5'GCGGGTACCG3'. The sequences of the oligonucle-
otides comprising the DdeI adaptor are 5'TNAGGGTAC
CCGC3' and 5'GCGGGTACCC3'. The N in these oligonu-
cleotides represents an equimolar mixture of the four deox-
ynucleotides. These adaptors were ligated onto the linear-
ized, blunt-ended SQ60. These molecules were then ligated
to the partially digested 947-400, and transformants of the
bacterial strain DH1 (8) were selected on kanamycin plus
ampicillin. DNA from these transformants was then digested
with either NotI or KpnI, religated, and retransformed to
yield ampicillin-resistant and kanamycin-sensitive transfor-
mants that had either a 61-bp or an 11-bp insertion at various
DdeI and Hinfl sites. The positions of the insertions were
mapped by restriction digestion.

Isolation and analysis of Tetrahymena DNA. Total Tetrahy-
mena DNA was isolated as previously described (1). South-
ern blotting was performed essentially as described previ-
ously (35). Oligonucleotides were synthesized with an
Applied Biosystems oligonucleotide synthesizer and were
labeled by addition of 32P-labeled phosphate to the 5' ends
(14).

Isolation and analysis of Tetrahymena RNA. Tetrahymena
RNA was isolated as previously described (40) with the
following changes. Log-phase cultures of 10 to 15 ml (rather
than 100 ml) were harvested, washed, resuspended in 0.5 ml
of 7 M urea-2% sodium dodecyl sulfate-20 mM NaOAc-10
mM EDTA (pH 7.0), quick-frozen in a dry ice-ethanol bath,
and stored at -80°C prior to completing the remainder of the
preparation.
Northern (RNA) blot analysis was performed as previ-

ously described (40). Hybridization of short oligomers (Hinfl
linker and DdeI linker; see Fig. 6) to Northern blots was
performed as follows. Prehybridization and hybridization
were carried out in 15% formamide-5x SSC (lx SSC is 0.15
M NaCl plus 0.015 M sodium citrate)-25 mM NaPO4 (pH
6.8)-50 ,ug of salmon sperm DNA per ml-5x Denhardt's
solution (2). Blots were incubated for 20 min at 26°C prior to
the addition of the labeled oligonucleotide. After addition of
the labeled oligonucleotide, the hybridization was heated to
50°C for 10 min and then was slowly cooled to 26°C and was
allowed to hybridize at this temperature overnight.
Reverse transcription followed by polymerase chain reac-

tion (PCR) to amplify the segment of interest was performed
in the following way. Prior to reverse transcription, RNA (2
jug) was treated with RNase-free DNase (1 U; Promega) in a
total volume of 20 jl in a buffer with the following final
composition: 10 mM Tris-HCl, 5 mM MgCl2, 1 mM CaCl2, 2
mM dithiothreitol, 50 ,ug of bovine serum albumin (BSA) per
ml, and 100 mM KCI (pH 8). This mixture was incubated for
10 min at 37°C, followed by 10 min at 65°C, and it was then
precipitated with ethanol. About 1 jig of total Tetrahymena
RNA, 0.5 ,ul of RNAsin (Promega), 200 U of Moloney
murine leukemia virus reverse transcriptase (Bethesda Re-
search Laboratories), 100 pmol of random hexamers (Phar-
macia), 10 nmol of deoxynucleoside triphosphates, and 0.1
mg of BSA per ml were combined in a total volume of 10 ,ul
with a final concentration of 50 mM KCI-20 mM Tris-HCl
(pH 8.4)-3 mM MgCl2. This mixture was incubated for 10
min at room temperature, 45 min at 50°C, and then 5 min at
95°C. In some cases, about 50 ng of a specific primer
complementary to the rRNA was used in place of the

random hexamers. Primers for PCR (about 50 ng each) and
Taq polymerase (about 0.2 U; Cetus) in a buffer with a final
concentration of 50 mM KCl-20 mM Tris-HCl (pH 8.4)-1.13
mM MgCl2-0.1 mg of gelatin per ml and a total volume of 40
,ul were then added to the reverse transcription reaction
mixture (10 ,ul). In cases where a specific primer comple-
mentary to the rRNA had already been added to the reverse
transcription reaction mixture, only the one remaining
primer necessary for the PCR was added. This mixture was
then amplified for 25 to 30 cycles.

RESULTS

Linker insertion constructs. Altered rDNAs with small
insertions within the SSU rRNA gene were made by partial
digestion with either Hinfl or DdeI as explained in detail in
Materials and Methods and diagrammed in Fig. 2. This
method produced rDNAs with either of two types of inserted
linkers (61 or 11 bp in length) at seven different sites within
the SSU rRNA gene. These sites are spread throughout the
SSU rRNA gene and represent a variety of kinds of regions
with respect to conservation of sequence and secondary
structure. This collection of sites offers opportunities to
explore regions about which some functional information is
available as well as regions about which little is presently
known. The positions of these sites within the Tetrahymena
SSU rRNA secondary structure (36) are shown in Fig. 3.
There is some information that points to possible func-

tional roles for the regions of the rRNA in which the seven
sites fall. Two of the insertion sites, 3058 and 3185 (the
numbers refer to the position with respect to the middle of
the Tetrahymena macronuclear rDNA palindrome [Fig. 1]),
are in areas in which the sequence and secondary structure
of the SSU rRNA are not well conserved. It is likely that
insertions might be tolerated at these two positions, although
this has not been the case for every insertion in every
variable region that has been tested (21, 40). In contrast,
sites 2919 and 3694 fall in very highly conserved single-
stranded regions, which thus might play some role in ribo-
some structure or function. Insertions at these two sites
might impair or obliterate rRNA function. Although site 2777
lies within the V2 variable region (25), sequence and second-
ary structure are somewhat conserved in this area among
eucaryotes. For example, among 20 eucaryotic SSU rRNA
sequences aligned in the study by Neefs et al. (25), only 1
does not have this secondary structure and 13 have a Hinfl
site in an identical location. Nearby bases show S20-depen-
dent enhancement of and protection from chemical attack in
Escherichia coli ribosomes (37). It is difficult to predict the
effects of an insertion in this area. Position 2822 is within a
double-stranded stem that is conserved for length and is very
resistant to chemical attack in E. coli ribosomes (18), sug-
gesting that this helix might be located at an interior position
within the ribosome. On this basis, it seems likely that
insertions at site 2822 would not be tolerated. The 3883 site
lies within a stretch of sequence that is well conserved
among eucaryotes and is adjacent to an area that is variable
in size and sequence. Insertions at this site might have
adverse effects on rRNA function.
Our constructs were named according to the position of

the insertion within the rDNA, the restriction site into which
the insertion was made, and the type of insertion. For
example, 2777HK refers to a construct which has an 11-bp
insertion (signified K) at the Hinfl site (signified H) at
position 2777 in the rDNA. The name 3058DN refers to a
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FIG. 3. Positions of the insertions within the secondary structure of the SSU rRNA. In the center of this figure is a representation of the
secondary structure of the Tetrahymena SSU rRNA (33). The circled areas are shown enlarged. The restriction sites into which insertions
were made are boxed and are indicated with a number. The number represents the distance of the site from the center of the macronuclear
rDNA molecule (see Fig. 1).

construct that has a 61-bp insertion (signified N) at the DdeI
site (signified D) at position 3058 in the rDNA.
Growth phenotype of Tetrahymena transformants. In order

to test their transforming abilities and observe the phenotype
of transformed cells, the constructs described above were
injected into mating Tetrahymena cells. Three of the con-
structs failed to transform. In all other cases, pm-r transfor-
mants were obtained at frequencies comparable to those
obtained with a wild-type rDNA clone. These results are
summarized in Table 1.
The transformants were monitored for their growth rate at

30°C. Control transformants, resulting from injection of
947-400, grew with doubling times of 3 to 3.5 h in media
containing paromomycin at 100 ,ug/ml. Transformants result-
ing from injection of 3883DN were initially able to grow in
media with 50 jxg of paromomycin per ml but were inviable
when maintained for long periods of time under drug selec-
tion. Transformants resulting from injection of all other
constructs grew with doubling times between 3.5 and 6.0 h
under the same conditions (Table 1). All transformants
(except 3883DN transformants) were able to grow at low
temperature (18°C) under drug selection.

Analysis of the rDNA in transformed cells. Although most
cell lines transformed with unmutated 947-400 contain only
injected type rDNA (49), this might not be the case for cells
transformed with mutated constructs. Since a macronucleus

contains on average 9,000 rDNA molecules which are able to
assort during division, a transformant could contain a mix-
ture of host and injected rDNA, which might provide infor-
mation regarding the properties of the injected rDNA. DNA
was extracted from transformant lines grown in media with
paromomycin and analyzed by Southern blot. The DNA was

digested with KpnI (which cleaves at the insertion site but at
no site within the unaltered rDNA) as well as either BstBI or

EcoRV (both of which produce a piece approximately 2 kb in
size that includes the entire SSU rRNA coding region).
Either of two oligonucleotides containing sequences within
the SSU rRNA was used as a hybridization probe. Thus, in
all cases, the host rDNA will produce a band of about 2 kb
in size and the injected rDNA will produce a smaller band,
the exact size of which depends on the site of the insertion
and the hybridization probe used. A restriction map of the
region is shown in Fig. 4. The Southern blots are shown in
Fig. 5, and this information is tabulated in Table 1.

All cell lines transformed by 3058DN and 3185HK contain
almost exclusively rDNA of the injected type. By this
criterion, these rDNA clones behaved like unaltered 947-
400. Since transformants resulting from these constructs also
grow as well as wild-type transformants, it seems that the
insertions we have made in these two constructs have little
or no effect on rRNA function.

In contrast, all 2777HK, 2822DK, 2822DN, 3883DK, and
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TABLE 1. Results of transformation experiments with Tetrahymena rDNA

Plasmida No. of Transformation Replacement Doubling Injected typetransformants frequency (%)b of rDNAC timed rRNAe

3058DN 1 0.3 +++ 4 +++
3185HK 8 3.3 +++ 3.5 +++
3883DK 3 1.0 +++ 6 +++
2777HK 4 1.5 + 4-6 -
2822DK 5 2.0 + 4 -
2822DN 7 3.2 + 5.4 -
3883DN 2 0.5 + NDf ND
2919DK 0 <0.4 ND ND ND
2919DN 0 <0.1 ND ND ND
3694HK 0 <0.3 ND ND ND

a The number preceding the letters indicates the position in the Tetrahymena rDNA sequence where the insertion occurs. The first letter indicates the restriction
site into which the insertion was made: H, Hinfl; D, DdeI. The second letter indicates the nature of the linker insertion: K, an 11-bp insertion; N, a 61-bp insertion.
The sequences of these insertions are provided in the text.

b Values are numbers of transformants obtained divided by the number of cells injected.
+ indicates partial replacement of the host by the injected rDNA where the injected rDNA comprises between 30 and 70% of the rDNA present in the cells.

+ + + indicates total (or almost total) replacement of the host by the injected rDNA.
d Doubling time (in hours) at 30'C in media with paromomycin at 100 ,ug/ml. Wild-type cells (i.e., pm-s cells transformed with an unaltered pm-r rDNA) grow

with a doubling time of 3 to 3.5 h under the same conditions.
e + + + indicates that the majority of rRNA present (as detected by reverse transcription followed by PCR) is of the injected type. - indicates that almost none

of the rRNA present is of the injected type.
f ND, not done.
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ACTACGAGCIT1TIAACT3', 5'A(
AATA3', 5'GACAGAGAAGGGATT
AGAAGTACA3', 5'GGAAATACT-F
AGCAAGCTGTTGGAAG3', and 5'4
AC3', respectively.

both host and injected type during the development of the macronucleus (when fewer
assess the phenotype of copies of host rDNA are present). The six transformants
only injected rDNA, we obtained with 2777HK and the four transformants obtained
mant lines. Since the divi- with 2822DK again had approximately 50% injected type
tennophila species is ami- rDNA (data not shown). A total of 37 subclones isolated
lual cells within a line with from these 10 transformants were examined, and all had
llele when more than one about the same proportion of injected type rDNA (data not

It can ultimately result in shown). From these results, we conclude that 2777HK and
In the case of the 3883DK 2822DK are not able to completely replace the host rDNA.
ntained minor amounts of We did not subclone transformant lines from 2822DN or
subclones that contained 3883DN.

e rDNA (Fig. 5, panel Three constructs examined here, 2919DK, 2919DN, and
3694HK, failed to produce transformants. In order to rule

lines resulting from injec- out a technical explanation for this result, 2919DK and
zere different. The initial 3694HK were coinjected with another altered construct that
tain c50% injected type failed to transform as well as one that transformed but failed
of these two constructs at to fully replace the host rDNA. In the six transformants
at a slightly earlier time recovered in the case of 2919DK and the five transformants

recovered in the case of 3694HK, no rDNA bearing inser-
tions at either site 2919 or site 3694 was detected (data not

3883 4318 4436 shown). We had previously found that when several different
mutated rDNAs that, alone, are capable of transformation

._______T l are coinjected, all of these mutated rDNAs are represented
D 4 4 Bs Ec among some of the resulting transformants (39). Thus, it is
E F G very unlikely that the inability of 2919DK and 3694HK to

transform is due to a technical failure. The construct
1 kb 2919DN, which also failed to produce transformants, was

rRNA gene. The horizontal not included in a coinjection experiment on the assumption
cates the extent of the coding that if a small insertion at position 2919 prevented transfor-
the horizontal line, sites into mation, so would a larger insertion at the same site.
ated. Restriction sites used in Analysis of the rRNA in transformants. Because the in-
imber above the line and two jected rDNAs were detected in all transformants, we ex-
[he open arrowheads beneath pected that rRNA bearing the same insertion should also be
)ns and orientations of oligo- present. Whole-cell RNA was extracted from the transfor-
obes and PCR primers. The mants and was subjected to Northern blot analysis with
and J are 5'TGTCCTGCGAC oligonucleotides complementary to the inserted sequences

ACGTAGCATGGAATAATGG as hybridization probes. RNAs from 3058DN, 3185HK, and
GACAG3', 5'GTCCCTCTA 3883DK transformants hybridize strongly with the inserted
-GAGCGCCAG3', 5'AATG sequence (Fig. 6D, E, and F). This is expected, since these
CTGCCATGGTAGTCCAAT transformants contain almost entirely injected type rDNA.

In contrast, 2777HK, 2822DK, and 2822DN transformants
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FIG. 5. Species of rDNA present in transformants. DNAs were extracted from transformed lines resulting from injection of the construct
named at the top of each panel. In panels 2822DK, 2822DN, 3185HK, 3883DK, and 3883DN, the DNAs were digested with EcoRV and KpnI
(which cuts only at the site of the insertion), and oligonucleotide D (Fig. 4) was used as a hybridization probe. In panel 3058DN, the DNAs
were digested with BstBI and KpnI, and oligonucleotide D (Fig. 4) was used as a hybridization probe. In panel 2777HK, the DNAs were

digested with EcoRV and KpnI, and oligonucleotide C (Fig. 4) was used as a hybridization probe. Lane Z in each panel contains DNA from
the untransformed strain CU427. Lanes A to H contain DNA from individual transformed lines. In the 3883DK panel, lanes A1 and A3 contain
DNAs from subcloned lines of transformant A, and lane B4 contains DNA from a subcloned line from transformant B. The numbers next to
the bands indicate the estimated sizes (in base pairs) of these fragments. The upper bands result from rDNA without insertions, and the lower
bands result from rDNA that contains insertions.

contain little or no injected type rRNA (Fig. 6A, B, and C),
in spite of the fact that they contain substantial quantities of
injected type rDNA. This result suggests that injected type
rRNAs in these transformants are inefficiently transcribed
and/or preferentially degraded.

It is possible that hybridization may be inefficient in some
regions of the rRNA, resulting in a failure to detect injected
type rRNA by hybridization to Northern blots. In addition,
this method does not simultaneously detect the presence of
host and injected type rRNAs. In order to assess the relative
amounts of host and injected rRNA present in the transfor-
mants, whole-cell RNAs were analyzed by reverse transcrip-
tion followed by PCR to amplify the segments of cDNA
spanning the insertion site. The PCR products were analyzed
by gel electrophoresis (after cleavage with KpnI, which cuts
only at the insertion site, when necessary) to reveal host and
injected type rRNAs. In order to control for possible DNA
contamination, all RNAs tested were subjected to PCR
amplification without prior reverse transcription. In all
cases, no band was detected without reverse transcription
(data not shown).

It is clear that the transformants from 3058DN, 3185HK
and 3883DK tested contain almost exclusively rRNA of the
injected type (Fig. 7D, E, and F). It is also clear that little or
no injected type rRNA is present in the 2777HK, 2822DK,
and 2822DN transformants tested (Fig. 7A, B, and C). Our
unpublished data suggest that PCR can detect DNA species
comprising 5% of the total but cannot detect species com-
prising 1% of the total. Thus, our results show that 3058DN,
3185HK, and 3883DK transformants contain almost exclu-
sively injected type rRNA and strengthen the conclusion
that these rRNAs function well in the cell. They also show
that 2777HK, 2822DK, and 2822DN transformants contain

almost exclusively host type rRNA, in spite of the fact that
they contain substantial quantities of injected type rDNA.
The reason for the absence of these rRNAs is not clear. It

is probable that the rRNA is transcribed and rapidly de-
graded. The 35S rRNA precursor species (19) is barely
detectable in Northern blots of RNA from wild-type strains
(data not shown). To determine whether these species were
present, RNAs from the transformants mentioned above
were subjected to reverse transcription followed by PCR,
with an oligomer with sequences from about 50 bp upstream
of the SSU rRNA coding region and one with sequences
from about 50 bp downstream of site 2822 (oligomers H and
J, Fig. 4) as PCR primers. These primers will detect only
precursor species since mature species are cleaved at the
start of the SSU coding region (19). The resulting PCR
products can also be digested with KpnI to detect the
presence of the inserted sequence when necessary. The
results (Fig. 8) show that, in addition to the host sequence
(0.4-kb band), minor amounts of injected type rRNA precur-
sor species can be detected in the transformant line
2777HK-A (0.3-kb band). A longer exposure reveals an even
smaller amount in the transformant line 2777HK-B (data not
shown). On the other hand, no injected rRNA species were
detected in either 2822DK-A or 2822DN-A RNA (0.35- or

0.46-kb band). When amplified without prior reverse tran-
scription, no bands were detected in any of these RNA
samples (data not shown). These data indicate that 2777HK
rDNA is transcribed and that the resulting rRNA is present
in low abundance in precursor form in 2777HK transfor-
mants.

Detection of recombinant rDNAs. Since the Pmr mutation
was linked to the insertion on the rDNA used for transfor-
mation, we wondered how 2777HK, 2822DK, and 2822DN
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FIG. 6. Species of rRNA present in transformants. Each panel shows two autoradiographs of a single Northern blot hybridized with an

oligonucleotide that specifically detects the insertions (left autoradiograph) and an oligonucleotide that detects either all SSU or all large
subunit (LSU) rRNAs (right autoradiograph), as indicated beneath each panel. The sequences of these oligonucleotides are 5'ACAAGC
CAGTTATCCCTGTG3' (all large subunits), 5'ACCCAACTACGAGCTrnTAACT3' (all SSU), 5'GGCCGCIITAAAGGTTACCCCGGG
GGGCCCGTCGACGC3' (long linker), 5'GANTCGGTACCGANTC3' (Hinfl linker), 5'CTNAGGGTACCCTNAG3' (DdeI linker), and 5'C
CCTCTAAGGGTACCCTA3' (site-specific linker). Lanes H contain host type total RNA from one of the parental strains, CU427. Lanes W
contain wild-type RNA from a 947-400 transformant. Lanes labeled with a construct name over a letter (A to E) or a letter plus a subscript
(A1, A3, B4) contain RNAs from individual transformant lines or subclones thereof, respectively. Individual transformant lines are designated
below with a dash and a letter following the name of the construct (for example, 3058DN-A). Lanes P are positive controls which contain
RNAs from a variety of transformant lines: panel A, 5785HK-K; panel B, 8498DK-A; panel C, 7002HN-B. The mature large subunit rRNA
comprises two fragments of approximately equal size that comigrate with the mature SSU rRNA at 17S. Precursor species for the large
subunit (labeled 26S) and SSU (labeled C3) rRNAs migrate at about 26S (18). The RNAs from transformants 5785HK-K, 8498DK-A, and
7002HN-B are used as positive controls here, and these transformants will be discussed in detail in another publication (39).

transformants could be pm-r when they apparently contain
little or no mature rRNA bearing the insertion. One possible
explanation is that these transformants contain rRNA mol-
ecules that contain the Pmr mutation but not the insertion.
Such rRNAs could be encoded by rDNAs that had recom-

bined between the Pmr mutation and the site of the insertion.
Such molecules could be detected by cutting total transfor-
mant DNA with KjpnI (which has no sites in the wild-type
rDNA but cleaves at the insertions) and using an oligonucle-
otide homologous to the Pmr mutant sequence as a hybrid-
ization probe for a Southern blot. Under stringent hybrid-
ization and washing conditions, one can detect the 1-bp
sequence difference between the Pmr+ and Pmr mutant
sequences (1). If no recombination has occurred, the Pmr
oligonucleotide should hybridize only to the 7.7-kb band
(Fig. 9). If recombination has occurred, hybridization to
uncut rDNAs or to rDNAs cut on only one side should also
be detected.
The results of this experiment (Fig. 9) show that rDNA

molecules that have recombined between the Pmr mutation

and the site of the insertion are abundant in all five 2822DK
transformants and in two of four 2777HK transformants. The
presence of these recombinant rDNA molecules offers an

explanation for the pm-r phenotype of these transformants.
The remaining two 2777HK transformants contained low
levels of recombinant rDNAs. Interestingly, these two trans-
formants also grew more slowly in paromomycin (6-h dou-
bling time compared with a 4-h doubling time). Our unpub-
lished data suggest that cells containing about 10% Pmr
rRNA can be pm-r. If so, it is possible that the low levels of
recombinant rDNA molecules seen in two 2777HK transfor-
mants (A and D) are sufficient to produce enough rRNA
bearing the Pmr mutation (and not the inserted sequence) to
confer the pm-r phenotype.

DISCUSSION

Although much information concerning the structure and
function of the SSU rRNA has been accumulated, a com-
plete picture of the role of the SSU rRNA in translation is
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FIG. 7. Detection of transformant RNA by PCR. Reverse transcription followed by PCR was performed as described in Materials and
Methods to simultaneously detect the presence of host and injected type rRNA. In all panels, lane S contains lambda DNA digested with PstI.
The oligonucleotides (Fig. 4) used as PCR primers are indicated beneath each panel. + or - above each lane indicates that the sample has
(+) or has not (-) been digested with KpnI, which cleaves at the insertion but not elsewhere in the rDNA. Lanes labeled with a construct
name above a letter (A to D) or a letter with a subscript (A1, A3, B4) contain PCR products derived from RNA of individual transformant lines
or subclones thereof, respectively. Lanes labeled with an M above a P contain PCR products derived from bacterial plasmid DNA of the
mutant construct used to produce the Tetrahymena transformants, whose RNA is examined in that panel. Lanes labeled with aW above an
R contain PCR products derived from RNA of Tetrahymena transformants resulting from injection of a wild-type construct (947-400). Lanes
labeled with a W above a P contain PCR products derived from 947.400 bacterial plasmid DNA.

lacking. In this study, we directly test the validity of some
ideas about ribosome structure and function developed from
in vitro work and sequence comparison by analyzing the
phenotypic effects of small insertions at a number of sites in
the Tetrahymena SSU rRNA. The mutation sites studied fall
within regions that range from being quite variable to uni-
versally conserved in sequence. This work addresses the
validity of the proposed tertiary structure models for the
SSU rRNA (3, 24, 27, 38) in the sense that insertions that do
not affect rRNA function would be expected to lie in areas
where an insertion could be accommodated without disturb-

2777HK M W V
A B P R F

.3 kb

ing the tertiary structure of the rRNA, which is presumably
essential for ribosome function.
Some evidence exists concerning the effects of mutations

in variable regions. In yeast cells, a variety of alterations
within variable regions have been made in a system where
the altered rDNA is carried on a plasmid that is present in
only a few copies per cell, while the host cell rDNA is
present in 100 to 200 copies. The altered rDNA is judged as
functional or nonfunctional on the basis of whether or not
the resulting rRNA shows a normal distribution into poly-
somes. Insertions have been placed into two variable re-

M 2822DK W M 2822DN
_P A R P A

_ ~~~~.46kb b -
_ -. 4~-. kb--

FIG. 8. Detection of precursor rRNA species. Reverse transcription followed by PCR was performed as described in Materials and
Methods, except that 2.5 pg (rather than 1 pg) of total rRNA was used for each reaction. Primers for PCR were oligomers H and J (Fig. 4).
Subsequent to electrophoresis, Southern blotting was performed, and the resulting blot was hybridized with oligomer A (Fig. 4) labeled on
its 5' end with [32P]phosphate. The + and - signs above each lane indicate whether a sample has (+) or has not (-) been digested with KpnI.
Lanes labeled with a construct name above a letter (A or B) contain PCR products derived from total RNA of individual transformant lines.
Lanes labeled with an M above a P contain PCR products derived from the bacterial plasmid DNA that was used to produce the transformants
whose RNA is examined in the same panel. Lanes labeled with a W above an R contain PCR products derived from RNA from a cell line
transformed with 947-400, a wild-type construct. The weaker band above the 0.4-kb band is presumably a PCR artifact, which is often
detected in this sort of experiment.
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FIG. 9. Detection of recombinant rDNAs. At right, the macronuclear rDNA is represented as a double-headed arrow. Its total length is
21 kb. The two constructs 2777HK and 2822DK each contain a Kp4nI site about 2.8 kb from the center of the rDNA, which is not present in
the host rDNA. This site is indicated by a short vertical line. The position of the oligonucleotide (labeled Pmr) used to hybridize to the
Southern blots at left is indicated below, and its sequence is 5'GGAACAACAAAAAGTCGTAA3'. It is homologous to the sequence of the
Pmr mutant, which differs by one base from the wild-type sequence. At left are Southern blots of total Tetrahymena DNAs. All DNAs are

digested with KpnI except the lanes labeled S and R at the far right side of the right panel. These are digested with BamHI. Lanes labeled
S contain DNA from the Pmnr' strain, CU427. Lanes labeled R contain DNA from a 947-400 transformant that contains Pmr rDNA. Lanes
labeled with a construct name above letters (A to E) contain DNA from individual transformant lines. The blots shown in the upper two panels
were washed in 2x SSPE (1 x SSPE is 0.18 M NaCl, 10 mM NaPO4, and 1 mM EDTA [pH 7.7]) (14) at room temperature, and the blots shown
in the lower two panels were stringently washed in 0.1 x SSPE for 40 min at 37°C.

gions, V2 and V7, (according to the nomenclature of Neefs
et al. [25]) in the SSU rRNA gene (21) and into variable
region A (according to the nomenclature of Gutell and Fox
[7]) in the large subunit rRNA gene (23) of Saccharomyces
cerevisiae. SSU rRNA containing the V2 insertion could not
be detected in Northern blots, although the altered rDNA
was present in transformant cells. Musters et al. (21) pre-
sumed that this rRNA is rapidly degraded. The other two
insertion constructs produced rRNAs that could not be
distinguished from wild-type rRNA in their distribution into
polysomes. Musters et al. have also deleted most of the S.
cerevisiae variable region E (7) in the large subunit rRNA
gene and replaced the missing bases with a similarly placed
variable region from mouse rDNA (22). Both of these
constructs produce rRNAs that show a normal polysome
distribution. In the Tetrahymena system in which the altered
rDNA can completely replace the somatic rDNA, insertions
were placed into variable regions G and K (7) in the large
subunit rRNA gene (40). The K region insertion construct
produced transformants that contained almost exclusively
injected type rDNA, grew normally, and contained rRNA of
the injected type. The G region construct produced no

transformants. We concluded that the K region insertion was
tolerated in a functional rRNA and the G region insertion
was not. It therefore seems that many, but not all, alterations
within variable regions are tolerated in a functional rRNA.
The region surrounding position 3185 is extremely vari-

able, and the region surrounding position 3058 is somewhat
variable in length and sequence among the rRNAs of differ-
ent organisms. Neither has previously been mutated in a

functional study. In both 3058DN and 3185HK, mutated
rDNA replaces host rDNA almost completely in the trans-
formants, and the mutation is also present in almost all
copies of the rRNA. Transformants grow as well as cells
containing rDNA bearing the Pnr mutation that is otherwise
wild type. We conclude that the insertions that we have
introduced into these two variable regions can be accommo-
dated in a functional ribosome.

We propose that insertions (such as those at positions 3058
and 3185) that do not affect ribosome function must lie in
positions in which they can be accommodated without
disturbing essential features of the tertiary structure. For
example, a likely position for these sites would be on the
surface of the SSU but not on the side that interfaces with
the large subunit. These constraints are satisfied by the
Noller model (38) for both sites 3058 and 3185, by the Lake
and Brimacombe models (3, 27) for site 3058, and by the
model of Nagano and Harel (24) for neither.

Site 3883 lies within sequences that are highly conserved
among eucaryotes and are part of a long, double-stranded
stem with bulges seen in all SSU rRNAs except those from
some mitochondria. Some sequence conservation at this site
is also seen within other kingdoms. Approximately 5 to 10 bp
beyond the 3883 site in this stem structure, the length and
sequence of rRNAs from different organisms become vari-
able. The 3883 site lies in an area proposed to be crowded in
the tertiary structure models of Brimacombe and Noller (3,
38). To our knowledge, no information concerning the
functional role of this specific site in translation exists. The
work of Musters et al. (21) shows that a small insertion
within the nearby variable region in the S. cerevisiae SSU
rRNA gene does not prevent the altered SSU rRNA from
being incorporated into polysomes in vivo. In this study, we
show that the injected type rDNA and rRNA in 3883DK
transformants almost completely replace the host type
rDNA and rRNA, and the transformant lines grow with a
slightly longer doubling time (Table 1) than cell lines that are
Pmr but otherwise wild type. These results suggest that this
alteration may have a slight deleterious effect on rRNA
function. A longer insertion at this site (as in 3883DN)
appears to seriously compromise rRNA function, since
transformants resulting from this construct die when main-
tained under selection. A possible interpretation of these
results is that the specific sequence at the 3883 site is not
important for rRNA function but that a sufficiently large
insertion at this site disturbs rRNA structure enough to
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abolish function. Our data suggest either that there is suffi-
cient space in this area to accommodate the small inserted
sequence or that a small distortion in the tertiary structure in
this area does not seriously affect ribosome function.

In some cases (2777HK, 2822DK, and 2822DN transfor-
mants), the host rDNA is partially replaced by injected
rDNA, and transformant lines containing only injected
rDNA cannot be obtained. Surprisingly, rRNA bearing the
alteration is undetectable in either Northern blots (Fig. 6) or

in the PCR assay with primers within the mature SSU rRNA
coding region (Figure 7), in spite of the fact that rDNA
bearing the alteration comprises a substantial proportion of
the rDNA in these cells. In two 2777HK transformants, we

detected minor amounts of precursor species bearing the
inserted sequence (Fig. 8 and Results). These data indicate
that the 2777HK rDNA can be transcribed. Although we

suspect so, we cannot be certain that it is transcribed at a

normal rate. We suggest that some preferential degradation
of injected type rRNA has occurred both prior to and after
the precursor stage rRNA that we have detected in these
transformants. Since we have failed to detect any precursor

rRNAs in transformant lines 2822DK-A and 2822DN-A, we

estimate that injected type rRNA precursor molecules are at
least 20-fold less abundant than host type rRNA precursor

molecules. This estimate is based on previous experiments
in which rDNA species comprising 1% of the total cannot be
detected and species comprising 5% of the total can be
detected by PCR in our hands (data not shown). We con-

clude that the rRNA bearing either of these three insertions
is inefficiently transcribed and/or rapidly degraded. Since
both of these insertion sites are distant from sequences

thought to be involved in the regulation of rRNA transcrip-
tion, it is most likely that transcripts containing the inser-
tions are unstable.

Insertions at two positions (2919 and 3694) resulted in a

failure to transform. The sequences surrounding positions
2919 and 3694 are similar in that both are very highly
conserved and are within single-stranded regions of the
rRNA secondary structure. The high degree of conservation
suggests that these sequences may play a sequence-specific
role in translation. A base analogous to site 3697 in the E.
coli rRNA (the G at position 966) has been shown to be
involved in tRNA binding to the P site (17). To our knowl-
edge, the region surrounding site 2919 has not been associ-
ated with any ribosomal function. Since we obtained no

transformants with either 2919DK or 3694HK, our experi-
ments cannot directly address the question of whether
ribosomes containing rRNAs bearing these alterations are

functional. We feel that a failure to transform implies that
these altered rDNAs are nonfunctional: this could mean

failure to serve as an rRNA template, instability of the
rRNA, failure of the rRNA to be processed or assembled
into ribosomes, or failure of the ribosomes to function.
What is the difference between constructs like 2777HK

and 2822DK, which produce transformants that contain
undetectable amounts of mature rRNA bearing the inserted
sequence, and constructs like 2919DK and 3694HK, which
produce no transformants? pm-r transformants resulting
from 2777HK and 2822DK are apparently able to survive
because they contain rDNA molecules that have recombined
between the site of the insertion and the site of the Pmr
mutation to produce rDNAs bearing the Pmr mutation but
not the insertion. If such recombination could occur in the
cases of 2919DK and 3694HK, presumably transformants
would also be obtained, unless these constructs exert a

dominant lethal effect. We have observed recombination of

rDNAs during vegetative growth to be quite frequent, but we
do not know whether recombination is sufficiently frequent
in the intervals between 2919 and the Pmr site at position
4242 or between 3694 and 4242 to promote transformation in
cases where it would otherwise not occur. We conclude
either that recombination is not sufficiently frequent to
promote transformation or that these constructs exert dom-
inant lethal effects.

In summary, we have studied the phenotypes of cells
bearing insertions at seven different sites within the SSU
rRNA gene of T. thermophila. Constructs bearing insertions
at two sites (2919 and 3694) within universally conserved
sequences failed to transform. We conclude that bases
within these regions fulfill essential roles in rRNA mainte-
nance, processing, assembly, or function. This is consistent
with what would be expected for universally conserved
sequences. Insertions at two other sites (2777 and 2822)
cause the resulting rRNAs to be either inefficiently tran-
scribed or rapidly degraded. Since these alterations are
distant from sequences thought to be involved in the regu-
lation of transcription, it is more likely that these rRNAs are
rapidly degraded. In the case of 2777HK, we have shown
that rRNA precursor molecules containing the insertion are
present at subnormal levels in the transformants. Therefore,
this altered rDNA is transcribed, although the rate of tran-
scription may or may not be normal. Constructs bearing
insertions at three other sites (3058, 3185, and 3883) behaved
essentially like unaltered constructs. We propose that the
sequences surrounding these sites play no essential roles in
ribosome structure or function and are located in positions
that can accommodate an insertion without altering the
overall tertiary structure of the ribosome. This is not sur-
prising for sites 3058 and 3185, since they lie within variable
regions, but is unexpected for site 3883, since it lies in a
well-conserved part of the rRNA secondary structure which
is proposed to lie in a crowded portion of the tertiary
structure. The slight growth defect seen in transformants
containing only 3883DK rRNA may be due to a slight
functional defect in this rRNA.

ACKNOWLEDGMENTS
We thank Mike Krause for generously providing protocols and

reagents for reverse transcription and Sarah Macleod for technical
assistance. We also thank Harry Noller and members of his labora-
tory for enlightening discussions.

This work was supported by a grant awarded to M.-C. Y. by the
National Science Foundation (DMB-8911845).

REFERENCES
1. Austerberry, C. F., and M.-C. Yao. 1987. Nucleotide sequence

structure and consistency of a developmentally regulated DNA
deletion in Tetrahymena thermophila. Mol. Cell. Biol. 7:435-
443.

2. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G.
Seidman, J. A. Smith, and K. Struhl. 1990. Current protocols in
molecular biology. John Wiley and Sons, New York.

3. Brimacombe, R, J. Atmadja, W. Stiege, and D. Schuler. 1988. A
detailed model of the three-dimensional structure of Escherichia
coli 16S ribosomal RNA in situ in the 30 S subunit. J. Mol. Biol.
199:115-136.

4. Bruns, P. J. 1990. Tetrahymena thermophila, p. 2.132-2.134. In
S. J. O'Brien (ed.), Genetic maps. Locus maps of complex
genomes. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, N.Y.

5. Bruns, P. J., A. L. Katzen, L. Martin, and E. H. Blackburn.
1985. A drug-resistant mutation in the ribosomal DNA of
Tetrahymena. Proc. Natl. Acad. Sci. USA 82:2844-2846.

6. Gorovsky, M. A. 1970. Studies on nuclear structure and function

VOL. 13, 1993



4824 SWEENEY ET AL.

in Tetrahymena pyrifornis. II. Isolation of macro- and micro-
nuclei. J. Cell Biol. 47:619-630.

7. Gutell, R. R., and G. E. Fox. 1988. A compilation of large
subunit RNA sequences presented in a structural format. Nu-
cleic Acids Res. 16(Suppl.):R175-R269.

8. Hanahan, D. 1983. Studies of transformation of Escherichia coli
with plasmids. J. Mol. Biol. 166:557-580.

9. Hui, A., and H. A. de Boer. 1987. Specialized ribosome system:
preferential translation of a single mRNA species by a subpop-
ulation of mutated ribosomes in Escherichia coli. Proc. Natl.
Acad. Sci. USA 84:4762-4766.

10. Jacob, W. F., M. Santer, and A. E. Dahlberg. 1987. A single
base change in the Shine-Dalgarno region of 16S rRNA of
Escherichia coli affects translation of many proteins. Proc. Natl.
Acad. Sci. USA 84:4757-4761.

11. Karrer, K. M. 1986. The nuclear DNAs of holotrichous ciliates,
p. 85-110. In J. G. Gall (ed.), The molecular biology of ciliated
protozoa. Academic Press, Inc., Orlando, Fla.

12. Krzyzosiak, W., R. Denman, K. Nurse, W. Hellmann, M.
Boublik, C. W. Gehrke, P. F. Agris, and J. Ofengand. 1987. In
vitro synthesis of 16S ribosomal RNA containing single base
changes and assembly into a functional 30S ribosome. Biochem-
istry 26:2353-2364.

13. Larson, D. D., E. H. Blackburn, P. C. Yaeger, and E. Orias.
1986. Control of rDNA replication in Tetrahymena involves a
cis-acting upstream repeat of a promoter element. Cell 47:229-
240.

14. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

15. Mankin, A. S., and R. A. Garrett. 1991. Chloramphenicol
resistance mutations in the single 23S rRNA gene of the
archaeon Halobacterium halobium. J. Bacteriol. 173:3559-
3563,

16. Moazed, D., and H. F. Nolier. 1986. Transfer RNA shields
specific nucleotides in 16S ribosomal RNA from attack by
chemical probes. Cell 47:985-994.

17. Moazed, D., and H. F. Noller. 1990. Binding of tRNA to the
ribosomal A and P sites protects two distinct sets of nucleotides
in 16S rRNA. J. Mol. Biol. 211:135-145.

18. Moazed, D., S. Stern, and H. F. Noller. 1986. Rapid chemical
probing of conformation in 16S ribosomal RNA and 30S ribo-
somal subunits using primer extension. J. Mol. Biol. 187:399-
416.

19. Muller, B., and W. A. Eckert. 1989. Characterization of pre-
rRNA components in ribosomal precursor particles from ma-
cronuclei of Tetrahymena thermophila. Eur. J. Cell Biol. 49:
225-235.

20. Murgola, E. J., K. A. Hiazi, H. U. Goringer, and A. E.
Dahlberg. 1988. Mutant 16S ribosomal RNA: a codon-specific
translational suppressor. Proc. Natl. Acad. Sci. USA 85:4162-
4165.

21. Musters, W., K. Boon, C. A. R. van der Sande, H. van
Heerikhuizen, and R. J. Planta. 1990. Functional analysis of
transcribed spacers of yeast ribosomal DNA. EMBO J. 9:3989-
3996.

22. Musters, W., P. M. Goncalves, K. Boon, H. A. Raue, H. van
Heerikhuizen, and R. J. Planta. 1991. The conserved GTPase
center and variable region V9 from Saccharomyces cerevisiae
26S rRNA can be replaced by their equivalents from other
prokaryotes or eukaryotes without detectable loss of ribosomal
function. Proc. Natl. Acad. Sci. USA 88:1469-1473.

23. Musters, W., J. Venema, G. van der Linden, H. van Heerikhui-
zen, J. Klootwijk, and R. J. Planta. 1989. A system for the
analysis of yeast ribosomal DNA mutations. Mol. Cell. Biol.
9:551-559.

24. Nagano, K., and M. Harel. 1986. Approaches to a three-
dimensional model of E. coli ribosome. Prog. Biophys. Mol.
Biol. 48:67-101.

25. Neefs, J.-M., Y. Van de Peer, L. Hendriks, and W. R. De
Wachter. 1990. Compilation of small ribosomal subunit RNA
sequences. Nucleic Acids Res. 18(Suppl.):2237-2317.

26. Noller, H. F., and C. R. Woese. 1981. Secondary structure of

16S ribosomal RNA. Science 212:403-411.
27. Oakes, M. I., A. Scheinman, T. Atha, G. Shankweiler, and J. A.

Lake. 1990. Ribosome structure: three-dimensional locations of
rRNA and proteins, p. 180-193. In W. E. Hill, A. Dahlberg,
R. A. Garrett, P. B. Moore, D. Schlessinger, and J. R. Warner
(ed.), The ribosome: structure, function, and evolution. Amer-
ican Society for Microbiology, Washington, D.C.

28. Orias, E., and M. Flacks. 1975. Macronuclear genetics of
Tetrahymena. I. Random distribution of macronuclear gene
copies in T. pynformis, syngen 1. Genetics 79:187-206.

29. Orias, E., and C. J. Newby. 1975. Macronuclear genetics of
Tetrahymena. II. Macronuclear location of somatic mutations
to cycloheximide resistance. Genetics 80:251-262.

30. Pan, W. C., E. Orias, M. Flacks, and E. H. Blackburn. 1982.
Allele-specific, selective amplification of a ribosomal RNA gene
in Tetrahymena thermophila. Cell 28:595-604.

31. Parker, R. C., R. M. Watson, and J. Vinograd. 1977. Mapping of
closed circular DNAs by cleavage with restriction endonu-
cleases and calibration by agarose gel electrophoresis. Proc.
Natl. Acad. Sci. USA 74:851-855.

32. Poldermans, B., H. Bakker, and K. P. Van Knippenberg. 1980.
Studies on the function of two adjacent N6,N6-dimethyladeno-
sines near the 3' end of 16S ribosomal RNA of Escherichia coli.
IV. The effect of the methylgroups on ribosomal subunit inter-
action. Nucleic Acids Res. 8:143-151.

33. Prince, J. B., B. H. Taylor, D. L. Thurlow, J. Ofengand, and
R. A. Zimmermann. 1982. Covalent crosslinking of tRNA1val to
16S RNA at the ribosomal P site: identification of crosslinked
residues. Proc. Natl. Acad. Sci. USA 79:5450-5454.

34. Seifert, H. S., E. Y. Chen, M. So, and F. Helfron. 1986. Shuttle
mutagenesis: a method of transposon mutagenesis for Saccha-
romyces cerevisiae. Proc. Natl. Acad. Sci. USA 83:735-739.

35. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

36. Spangler, E. A., and E. H. Blackburn. 1985. The nucleotide
sequence of the 17S ribosomal RNA gene of Tetrahymena
thermophila and the identification of point mutations resulting in
resistance to the antibiotics paromomycin and hygromycin. J.
Biol. Chem. 260:6334-6340.

37. Stern, S., T. Powers, L. M. Changchien, and H. F. Noller. 1989.
RNA-protein interactions in 30S ribosomal subunits: folding and
function of 16S rRNA. Science 244:783-790.

38. Stern, S., B. Weiser, and H. F. Noller. 1988. Model for the
three-dimensional folding of 16S ribosomal RNA. J. Mol. Biol.
204:447-481.

39. Sweeney, R., L. Chen, and M.-C. Yao. Unpublished data.
40. Sweeney, R., and M. C. Yao. 1989. Identifying functional

regions of rRNA by insertion mutagenesis and complete gene
replacement in Tetrahymena thermophila. EMBO J. 8:933-938.

41. Tapprich, W. E., H. U. Goringer, E. De Stasio, C. Prescott, and
A. E. Dahlberg. 1990. Studies of ribosome function by mutagen-
esis of Escherichia coli RNA, p. 236-242. In W. E. Hill, A.
Dahlberg, R. A. Garrett, P. B. Moore, D. Schlessinger, and
J. R. Warner (ed.), The ribosome: structure, function, and
evolution. American Society for Microbiology, Washington,
D.C.

42. Tondravi, M. M., and M.-C. Yao. 1986. Transformation of
Tetrahymena thermophila by microinjection of ribosomal RNA
genes. Proc. Natl. Acad. Sci. USA 83:4369-4373.

43. Triman, K., E. Becker, C. Dammel, J. Katz, H. Mori, S.
Douthwaite, C. Yapiakis, S. Yoast, and H. F. Noller. 1989.
Isolation of temperature-sensitive mutants of 16S rRNA in
Escherichia coli. J. Mol. Biol. 209:645-653.

44. van Buul, C. P. J. J., W. Visser, and P. H. van Knippenberg.
1984. Increased translational fidelity caused by the antibiotic
kasugamycin and ribosomal ambiguity in mutants harbouring
the ksg4 gene. FEBS Lett. 177:119-124.

45. Yao, M.-C. 1989. Site specific chromosome breakage and DNA
deletion in ciliates, p. 715-734. In D. E. Berg and M. M. Howe
(ed.), Mobile DNA. American Society for Microbiology, Wash-
ington, D.C.

46. Yao, M. C., and J. G. Gall. 1977. A single integrated gene for

MOL. CELL. BIOL.



MUTAGENESIS OF TETRAHYMENA SMALL SUBUNIT rRNA GENE 4825

ribosomal RNA in a eucaryote, Tetrahymena pyrifonnis. Cell
12:121-132.

47. Yao, M.-C., and M. A. Gorovsky. 1974. Comparison of the
sequences of macro- and micronuclear DNA of Tetrahymena
pynformis. Chromosoma 48:1-18.

48. Yao, M. C., A. R. Kimmel, and M. A. Gorovsky. 1974. A small
number of cistrons for ribosomal RNA in the germinal nucleus
of a eukaryote, Tetrahymena pyrifonnis. Proc. Natl. Acad. Sci.

USA 71:3082-3086.
49. Yao, M.-C., and C.-H. Yao. 1989. Accurate processing and

amplification of cloned germ line copies of ribosomal DNA
injected into developing nuclei of Tetrahymena thermophila.
Mol. Cell. Biol. 9:1092-1099.

50. Yao, M.-C., C.-H. Yao, and B. Monks. 1990. The controlling
sequence for site-specific chromosome breakage in Tetrahy-
mena. Cell 63:763-772.

VOL. 13, 1993


