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ABSTRACT Active 18S and 25S ribosomal RNAs were
produced in trans in yeast, from plasmids containing RNA
polymerase II transcription signals and rDNA fragments with
unique hybridization tags. Analyses were carried out in cells
with temperature-sensitive RNA polymerase I. Functional
rRNAs were derived from separate 18S and 5.8y25S rRNA
coding units, however, active 25S rRNA could be produced
only by cotranscription with 5.8S rRNA. The results demon-
strate that the polycistronic organization of the large rDNA
operon is not required for successful processing of rRNA or
assembly of functional ribosomes. The split operon system
should facilitate future efforts to dissect eukaryotic ribosome
biogenesis.

The eukaryotic 18S, 5.8S, and 25y28S ribosomal RNAs are
generated in the nucleolus from a single large precursor.
Processing of this transcript occurs concomitantly with forma-
tion of modified nucleotides, binding of ribosomal proteins,
and vectoral transport of the developing subunits (1–4). All
eukaryotic organisms are thought to process rRNA in a similar
way (5, 6). In yeast, the 35S primary transcript is first cleaved
at a site in the 59 external transcribed spacer (59 ETS) called
A0. This is followed by cleavages designated A1 and A2yA3,
which define the 59 end of 18S RNA (A1) and divide the
transcript into two intermediates containing the 18S and
5.8y25S RNAs (Fig. 1A). These intermediates undergo further
cleavages to generate the mature rRNAs (10, 11).
Results developed in the past few years have revealed that

eukaryotic rRNA processing requires not only proteins but also
small nucleolar RNA (snoRNAs), functioning as small nucleolar
ribonucleoproteins (12). Thus far, four snoRNAs have been
found to be essential for rRNA processing in yeast, and a fifth
nonessential species is known to influence the kinetics of the early
processing events. Nearly 30 other yeast snoRNAs identified are
not essential for growth (12); several of these provide sequence
specificity for 29-O-methylation of rRNA (refs. 13, 14; Ni, Bal-
akin, and M.J.F., unpublished data). Three of the five snoRNAs
required for processing are phylogenetically conserved, i.e., U3,
U14, and MRP. U3, U14, and a yeast-specific snoRNA, snR30,
are required for processing of 18S RNA at sites A1 and A2
(15–17). U3 is known to interact with the 59 ETS segment and
with internal regions in 18S RNA, and U14 base pairs with two
different regions in 18S RNA (8, 9, 18). The MRP snoRNA is
required for cleavage at a site (A3) upstream of 5.8S RNA
(19–21). In vertebrates, production of 18S and 5.8y28S rRNA
also requires the U22 and U8 snoRNAs, respectively; homo-
logues to these RNAs are not known in yeast (22, 23). The roles
of the snoRNAs required for processing are still obscure, but

could include catalyzing hydrolysis and organizing pre-rRNA
and other components of the processing apparatus. Processing
of rRNA is also expected to involve protein-based nucleases,
based on the recent discovery of a yeast homologue of bacterial
RNase III (24).
It has been proposed that the processing pathways for the

eukaryotic 18S and 5.8y25S RNAs may be independent (25).
This hypothesis is supported by deletion mutation results with
the yeast rDNA operon, which showed that alterations that
affect production of 18S RNA do not block production of 25S
RNA and vice versa (26, 27). Consistent with the possibility of
independent processing pathways, loss of essential snoRNAs
impairs the production of either the 18S or the 5.8y25S rRNAs,
but not both.
The goal of the present study was to test the hypothesis that

processing, and perhaps ribosome assembly, require only
cis-acting elements flanking the individual rRNAs, rather than
a contiguous multimeric transcript. To this end, we divided the
yeast rDNA operon into two segments, introduced these
fragments into separate expression vectors, and asked if ribo-
somes capable of supporting growth could be produced. The
results show that functional ribosomes can, in fact, be gener-
ated in this manner.

MATERIALS AND METHODS
Cell Culturing.Yeast strain NOY504 was kindly provided by

M. Nomura (University of California, Irvine) (7). Its genotype
is: MATa, rpa12::LEU2, leu2-3, 112, ura3-1, trp-1, his3-11,
CAN1-100. Cells were cultured in medium containing 0.67%
yeast nitrogen base (amino acid-free), 2% vitamin-free
casamino acids, and 2% glucose or galactose, supplemented
with uracil (200 mM) or tryptophan (400 mM) as needed. Cells
and cultures were manipulated as described by Sherman et al.
(28).
DNA Manipulation. Plasmid pWL109 is a derivative of a

URA3multicopy plasmid (pNOY102, ref. 29) and contains the
intact rDNA operon flanked by GAL7 promoter and termi-
nator elements, respectively. The 18S rDNA in this operon
contains a hybridization tag at variable region 2 of the coding
sequence (9). Plasmid pWL155, a derivative of pNOY199 (an
unpublished plasmid construct obtained from M. Nomura), is
a TRP1 multicopy vector containing the rDNA allele flanked
by the GAL7 promoter and terminator. The experimental
rDNA segments were created by a PCR amplification strategy,
using a high-fidelity enzyme (pfu polymerase) and primers
containing restriction sites. In all cases, at least two indepen-
dent PCR clones were examined. The sites of separation within
the ITS1 segment are shown in Fig. 2. Plasmids pWL180, -184,
-183, -207, -205, and -210 were constructed with rDNA frag-
ments created with DNA primers complementary to the
individual ITS1 sequence and a primer (E) specific for a siteThe publication costs of this article were defrayed in part by page charge
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in 18S rDNA. Primer E is 59-CCAGCAGCCGCGGUA-
AUU-39 with a natural SacII site, which is about 560 nucleo-
tides downstream from the 59 end of 18S RNA. The primers
designed to split the operon contained a SalI tail. The resulting
18S rDNA fragments were subcloned into plasmid pWL109
after digestion with SalI and SacII enzymes. Digestion of
pWL109 with SalI and SacII removed all of the rDNA insert,
except the 59 ETS and the early part of the 18S rDNA
demarcated by the SacII site. For construction of plasmids
pWL178, -170, and -169, individual primers specific for the
intended split sites were paired with primer F (59-
CACTTTCATTACGCGTATGGGT-39) containing a natural
MluI site for PCR amplification. The primers designed to split
the operon contained an XhoI tail. The resulting fragments
were subcloned into pWL155 after digestion with XhoI and
MluI. The 25S rDNA in pWL155 contained a hybridization tag
inserted at the KpnI site of the 59 coding sequence and a
built-in XhoI sequence 29 nucleotides from the start of the
rDNA coding sequence. The KpnI site is about 130 nucleotides
downstream from the 59 end of the 25S RNA coding sequence.
The tag sequence is 59-GGAAGCTGCAGCC-39, which con-

tains a PstI site. Digestion of pWL155 with XhoI and MluI
removed all of the rDNA fragment except the portion of the
25SRNA allele demarcated by theMluI site, which is about 700
nucleotides downstream from the 59 end of the 25S RNA
coding sequence. Plasmid pWL210 was derived from pWL184
and contains a 6-nt substitution in the 59 ETS region known to
base-pair with U3 snoRNA (472AAAGAG4773UCUUCA,
ref. 8). This same substitution is known to disrupt U3 function
and abolish the production of 18S RNA from pre-rRNA (8).
Northern Analysis. Cells were first grown in glucose medium

at 258C and then diluted into galactose medium at an OD 660 of
0.8 and incubated at 378C for 7 h, at which time RNA was
extracted. Northern assays were carried out with about 2 mg of
RNA using probes specific for the unique hybridization tags in
18S and 25SRNAs (9). The nucleotide sequences for the 18S and
25S probes are 59-CGCCGAGGATCCAACTAGGGGGCT-39,
59-GGGCAGGCTGCAGCTTCCTACCAG-39, respectively.

RESULTS AND DISCUSSION
Expression Strategy. In our strategy, the separate rDNA

fragments were fused to inducible RNA polymerase II pro-

FIG. 1. The large rDNA operon of S. cerevisiae can be successfully expressed in two parts. (A) Expression of small and large subunit rRNAs
in trans. The yeast rDNA operon was divided at the sites indicated, and each segment was expressed from a different plasmid, under control of
GAL7 promoters and terminators (closed and open boxes). The experimental 18S and 25S RNA coding units contained unique hybridization tags
(X? and ▫

? ) and the plasmids harboring the 59 and 39 portions of the operon carriedURA3 and TRP1 genes (seeMaterials andMethods). rDNA function
was evaluated in yeast strain NOY504, which contains a ts RNA polymerase I mutation and mutations in URA3 and TRP1 (7). Plasmid pWL210
is identical to pWL184 except that it contains a 6-nt substitution in the 59 ETS region (open rectangle) shown to base-pair with U3 snoRNA
(472AAAGAG4773UCUUCA; ref. 8). Sites of pre-rRNA processing (A0, A1, etc.) are indicated by arrows. Sizes of the ETS and ITS segments
are shown above the wild-type operon. E and F refer to sites used to prime PCR amplification. Growth and RNA levels are indicated at the right.
The numbers above the experimental constructs refer to the nucleotide positions at which they were divided. Note that the dissections are imperfect,
with at least a few nucleotides absent in each case (see also Fig. 2). (B) Phenotypic properties of the split operons. Transformants containing the
plasmid pairs shown in A were streaked on galactose plates at 378C and incubated for 7 days. The positive control contained a pair of plasmids
with intact rDNA operons (pWL109 and pWL155), and the negative control contained vectors without rDNA inserts. Growth phenotypes are
summarized in A.1, good growth (colonies evident in 7 days);2, no growth. (C) Northern hybridization analysis of rRNA expressed in trans. Cells
were first grown in glucosemedium at 258C and then diluted into galactose medium. RNAwas extracted after incubation at 378C for 7 h (9). Northern
assays were carried out using probes specific for unique hybridization tags in 18S and 25S RNAs. Plasmids pWL109 and pWL155 were used as a
positive control. The levels of 18S and 25S RNAs are tabulated in A; 1 indicates wild-type level, and 2 indicates an undetectable level.
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moters and expressed from different vectors in a test strain
(NOY504) with a temperature-sensitive RNA polymerase I
mutation (Fig. 1A; ref. 7). To facilitate analysis, unique
hybridization tags were incorporated into the 18S and 25S
rRNA coding units, in variable sequence regions in each case
(Fig. 1). The insertions were found to be phenotypically
neutral, as cells that depended on the tagged 18S and 25S
RNAs grew as well as cells expressing plasmid-encoded wild-
type rRNA (see below).
The rDNA operon was divided into two segments at three

different sites. The first site was located 30 nucleotides down-
stream of the 5.8S coding unit, yielding a 59 segment encoding
both the 18S and 5.8S RNAs and a 39 segment encoding only
25S RNA (Fig. 1A). The second dissection site was 239
nucleotides beyond the 39 end of 18S RNA, midway between
the A2 and A3 cleavage sites. The third site was located 71
nucleotides beyond the 39 end of 18S RNA. Separation of the
35S precursor at these latter two sites resulted in a 59 segment
encoding 18S RNA and a 39 segment encoding both the 5.8S
and 25S RNAs. The 59 segments were cloned separately into
a multicopy yeast vector marked with the URA3 gene
(pWL180, -184, and -183). The 39 segments were inserted into
a multicopy TRP1 vector (pWL178, -170, and -169). Each
fragment was fused to a GAL7 promoter and terminator.
The appropriate plasmid pairs were transformed into the

test strain and evaluated for activity. As a positive control, cells
were also cotransformed with URA3 and TRP1 plasmids
containing intact rDNA operons, also under control of the
GAL7 promoter. Cells transformed with empty vectors served
as a negative control. Transformants were grown at 258C on
glucose medium lacking uracil and tryptophan for plasmid
maintenance. They were then streaked on both galactose and
glucose media and incubated at 378C for 7 days for phenotypic
observation. No transformants grew on glucose medium at
378C, indicating that the GAL7 promoter was repressed, and
transcription of chromosomal rDNA was too low to support
growth. However, on galactose medium, colonies from the
positive control strain appeared 3 days after incubation at 378C
(Fig. 1B).

Active rRNAs Can Be Produced in Trans. Notably, the two
strains in which the rDNA operon was divided into 18S and
5.8Sy25S segments showed visible growth 5 days after incu-
bation, with colonies becoming apparent 2 days later (pWL184
1 pWL170; pWL183 1 pWL169). In contrast, transformants
containing the operon divided into 18Sy5.8S and 25S segments
failed to form visible colonies (pWL180 1 pWL178, Fig. 1B).
The doubling times for cells containing the plasmid pairs
pWL184 1 pWL170 and pWL183 1 pWL169 were 10.2 and
12.8 h, respectively. This compares with 6.5 h for the positive
control (pWL1551 pWL109). To ensure that the split operons
were not reassembled into an intact operon in vivo, plasmids
were recovered from cells able to grow on galactose, shuttled
into Escherichia coli, and then subjected to restriction analysis.
The majority of the plasmids were identical to the original
forms. For yeast cells containing plasmids pWL184 and
pWL170, 16 of 20 E. coli clones harbored the original plasmids.
The four remaining clones showed a different restriction
pattern, but did not contain intact rDNA operons. These last
variants were not able to support growth when reintroduced
into the yeast test strain.
Several factors might be responsible for the slower growth

associated with the split operons. One possibility is that rRNA
production from the GAL7-expression vectors is limited by
RNA polymerase II activity. Relative to an intact operon, at
least twice as many transcription events would be required to
produce the same number of rRNAs in trans. More likely is the
possibility that dividing the operon reduces the efficiency of
one or more posttranscriptional events.
Expression of the plasmid-encoded rRNAs was examined by

Northern analysis, 7 h after the medium and temperature
shifts. The 18S and 25S RNAs produced from the plasmid
alleles were distinguished from the chromosomally encoded
RNAs with the unique hybridization tags (Fig. 1C). The tagged
18S and 25S RNAs were clearly evident in the positive control
strain (pWL109 1 pWL155), demonstrating that insertion of
the tag sequences did not compromise the stability of these
rRNAs. 18S RNA was detected in all strains (Fig. 1C) except
the negative control (not shown). Equivalent levels of 18S

FIG. 2. Secondary structure of the yeast ITS1 region. The structure is divided into five domains labeled I-V (adapted from ref. 30). Known
processing sites A2, A3, B1L, and B1S are indicated by arrows. Site D corresponds to the 39 end of mature 18S RNA. B1L and B1S cleavages give
rise to long and short forms of 5.8S RNA. The sites used to divide the operon (Y? ), and the corresponding plasmids are identified. Bold nucleotides
are known to be conserved among several yeast species (25).
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RNA were observed in cells containing the intact operon and
cells harboring 18S rDNA plasmids followed by: (i) 71 nucle-
otides of 39 f lanking sequence, or (ii) DNA that extends 30
nucleotides beyond the 39 end of 5.8S RNA (Fig. 1C, lanes 2
and 4). These results indicate that production of 18S RNA
requires very little 39 f lanking sequence. Similarly, the level of
25S RNA was the same in strains containing either of the
5.8Sy25S transcription units, and these levels were comparable
to that of the positive control (Fig. 1C, lanes 1, 3, and 4). In
contrast, no 25S RNA was detected in cells in which the 5.8S
and 25S RNA coding units were separated (Fig. 1C, lane 2).
Taken together, these results indicate that functional small and
large subunit rRNAs can be produced in trans from separate
transcription units. Active 18S RNA is produced when the 18S
rDNA coding unit is separated from the adjoining 5.8y25S
rDNA sequences. However, production of functional 25SRNA
requires cotranscription of both 5.8S and 25S rRNAs.
To further define the 39 f lanking sequences required for 18S

RNA production, we deleted all but 44 and 3 nucleotides,
respectively, of the 362-nt internal transcribed spacer-one
sequence (ITS1) in an 18S rDNA plasmid (Fig. 1A, detailed in
Fig. 2). These constructs were introduced into cells expressing
the 5.8S and 25S RNAs from a single plasmid (pWL170). The
construct with 44 nucleotides of ITS1 allowed good growth on
galactose, whereas the variant with only 3 nucleotides of spacer
failed to support growth (Fig. 1B). Interestingly, the mutant
phenotype was not due to the absence of 18S RNA, because
tagged 18S RNA was observed in these cells (Fig. 1C, compare
lanes 5 and 6). The fact that more than 3 nucleotides of spacer
flanking the 39 end of 18S RNA is necessary for growth
suggests that ITS1, though dispensable for production of 18S
rRNA, has a vital role in the development of active ribosomes.
Similarly, it has been shown that deletion of several conserved
elements within the second internal transcribed spacer (ITS2;
234 nucleotides) does not compromise 25S RNA production,
but does interfere with growth (31). The roles of these internal

sequences are not known, but it is reasonable to believe they
are involved in some subsequent stage of ribosomematuration.
U3 snoRNA Is Still Required for Processing. One question

prompted by the split operon expression results is whether
rRNAs produced in this system bypass the requirement for
snoRNAs in processing. Because it is known that cleavages at
the A0, A1, and A2 sites require base-pairing of U3 with an
element in the 59 ETS (8), we tested the requirement for U3
when 18S RNA is expressed in trans. Starting with plasmid
pWL184, we made a 6-nt substitution mutation in the region
shown to base-pair with U3 (pWL210; Fig. 1A). This construct
was tested for activity in a strain containing a functional
5.8Sy25S rDNA unit (pWL170). The transformants failed to
grow on galactose medium at 378C (Fig. 1B), and a Northern
analysis showed that 18S RNA failed to accumulate in this
strain (Fig. 1C, lane 7). These results indicate that processing
of 18S RNA produced from the split operon also requires
base-pairing of U3 with the precursor.
Inf luence of the ITS Segments. To define cis-acting ele-

ments necessary for 25S RNA production, we examined the
roles of the ITS2 and ITS1 segments. One nonproductive
construct lacked 35 nucleotides at the 59 end of ITS2 (pWL178;
Fig. 1A). Because it was unclear if the loss of 25S RNAwas due
to the absence of these 35 nucleotides, we examined the activity
of 25S rDNA joined to a complete ITS2 sequence (pWL208,
Fig. 3A). This construct was analyzed in conjunction with a
plasmid encoding 18S and 5.8S RNAs (pWL180; Fig. 3A).
Transformants containing this 25S rDNA allele also failed to
support growth (Fig. 3B). Northern analysis showed that 25S
RNA did not accumulate, suggesting that the 59 cis-segment
required for production of 25S RNA extends at least up to 5.8S
RNA (Fig. 3C, lane 3).
Knowing that 25S RNA can be produced from a construct

containing the 5.8S and 25S RNA coding units and the last 116
nucleotides of the (362-nt) ITS1 segment (pWL170), we next
examined shorter variants that contained only 37 or 7 nucle-
otides of the ITS1 segment (Fig. 3A). Both deletions elimi-

FIG. 3. The ITS1 region is required for production of 25S RNA. (A) Structure of ITS1 deletion variants. The strategy used to construct these
plasmids is described in Fig. 1A, along with details for construction of plasmids pWL180 and pWL184 (seeMaterials and Methods). Novel 39-rDNA
plasmids pWL208, -203, and -204 were prepared by subcloning appropriate PCR fragments into pWL155 after double digestion with XhoI andMluI.
All rDNAs were expressed with GAL7 promoters and terminators. (B) Growth properties of cells containing the plasmid pairs shown in A.
Phenotypes were analyzed on galactose medium, as described in Fig. 1B and are summarized in A.6 indicates extremely slow growth. (C) Northern
hybridization analysis of rRNA expressed from the different split operons; details of the assay are provided in Fig. 1C. Levels of 18S and 25S RNA
are tabulated in A.
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nated the A3 cleavage site. RNA produced from the longer
construct retains the potential to create a stem structure that
forms between the 39 portion of the ITS1 segment and the 59
end of 5.8S RNA (domain V, Fig. 2). This stem structure was
previously found to be important for maturation of 25S RNA
(30). The shorter construct lacks both domains IV and V and
retains only 7 upstream nucleotides from a naturally occurring
short form of 5.8S RNA produced by wild-type cells. These
constructs were analyzed in combination with a fragment
containing the remaining 59 portion of the operon (pWL184,
Fig. 3A). Both sets of transformants grew extremely slowly on
galactose at 378C (Fig. 3B). Northern analysis showed that a
low level of 25S RNA was produced in cells containing the
5.8Sy25S rDNA fragment preceded by only 7 nucleotides,
demonstrating that efficient production of 25S RNA requires
additional ITS1 DNA (Fig. 3C, lane 2). In contrast, the level
of 25S RNA in cells expressing the rDNA segment with 37
nucleotides of ITS1 DNA (Fig. 3C, lane 1) was similar to that
of the positive control (not shown). These results showed that
the 39 end of the ITS1 sequence from positions 326 to 362 (Fig.
2) is critical for production of 25S RNA in trans, and that
nucleotides 239–325 are important for the production of a
functional large ribosomal subunit.
These last mapping results are in good agreement with

results from a previous mutational analysis of ITS1 in an intact
operon (30). That study showed that deletion of ITS1 nucle-
otides 283–294, which eliminates the A3 cleavage site but
maintains domain V, had little effect on 25S RNA production.
Thus, it seems that the spacer sequence itself rather than the
cleavage per se is required for 25S RNA production. Relevant
to this, elimination of the A3 cleavage site results in a switch
to an alternative processing pathway involving the B1L site
(Fig. 2; ref. 32). The hypothesis that spacer nucleotides 326–
362 influence pre-rRNA folding is particularly appealing (30).
The absence of this part of the spacer in our analysis is
predicted to cause improper folding of the 5.8Sy25S substrate,
and these precursors might be rapidly degraded. We cannot
comment on the effects of the ITS1 deletion on 5.8S RNA
production, as this RNA was not tagged in our constructs.
Implications for Pre-rRNA Processing. In Saccharomyces

cerevisiae, the primary rRNA precursor is believed to be
assembled into a 90S preribosomal RNP complex, which is
subsequently converted into two complexes of 43S and 66S
(33). The 43S complex contains a 20S precursor to 18S RNA
and has been postulated to be transformed into the small
ribosomal subunit. The 66S complex contains a 27S rRNA
precursor encoding the 5.8S and 25S RNAs, and this complex
is viewed as the nascent large ribosomal subunit. The present
study demonstrates that cotranscription of eukaryotic rRNAs
is not a prerequisite for the formation of functional ribosomal
subunits. An early aim of our future work will be to determine
if the 90S rRNP maturation complex, which we call the
‘‘processome’’ (34), is formed in the two-part operon system.
Interestingly, a few eubacteria and archaebacteria are known
to produce the small and large subunit rRNAs from indepen-
dent transcription units (35–38). This situation is in contrast to
most prokaryotic rDNA systems, but could be relevant to the
trans expression results reported here. The ability to express
active eukaryotic small and large subunit rRNAs from sepa-
rate genes should facilitate future efforts to dissect the rRNA
maturation and subunit assembly processes.
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