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The URA3 gene from Saccharomyces cerevisiae is localized on a 1.1-kilobase
(kb) DNA fragment. By using this fragment as a hybridization probe, we found
that oxalurate, a gratuitous inducer of the allantoin degradative system, also
serves to induce URA3 specific RNA. This response is restricted to oxalurate;
other conditions which bring about high-level synthesis of the allantoin degrada-
tive enzymes did not produce the effect. Two classes of RNA (1.0 and 1.5 kb)
were found to be oxalurate induced. Both classes are encoded by the URA3 gene,
overlap, and probably do not significantly differ at their 5' termini. Northern blot
mapping of the transcripts indicated that the 1.5-kb transcript was likely encoded
by sequences extending up to 0.5 kb downstream from the 3' terminus of the 1.0-
kb transcript. Analysis of the endpoints of the major 1.0-kb URA3 transcript by S1
nuclease mapping revealed the existence of two 5' termini, separated by 5 to 10
nucleotides, and seven 3' termini, separated by 5 to 20 nucleotides each, over a
range of about 70 bases.

In Saccharomyces cerevisiae, the biosynthe-
sis of uracil requires the products of at least five
unlinked genes, URA1 to URAS. Lacroute has
proposed a regulatory system in which the last
enzyme of the pathway, orotidine-5'-phosphate
decarboxylase (the URA3 gene product), is in-
duced by dihydroorotate (12). Bach et al. (1)
reported that the level of URA3 mRNA, as
measured by hybridization to URA3 DNA, var-
ies coordinately with the enzyme activity. From
this they concluded that the URA3 gene was
transcriptionally regulated. Plasmids carrying
the URA3 gene on a 1.1-kilobase (kb) DNA
insert have been frequently used as yeast clon-
ing vectors. However, exploitation of this sys-
tem as a model of gene expression has been
somewhat hindered by the modest levels of
URA3 mRNA found in the cell and by the
limited degree of URA3 gene induction. One
problem in this respect is that most, if not all,
wild-type cells are impermeable to dihydro-
orotate, the presumed inducer of URA3 gene
expression (12). Therefore, one must either
bring about induction indirectly or use a specific
mutant construction which will accumulate ex-
ogenously provided dihydroorotate (12).

In studies of the allantoin degradative system
(18), we have used the compound oxalurate as a
nonmetabolizable analog of allophanic acid, the
native pathway inducer (5). We report here that
oxalurate also brings about an increase in the
level of URA3-specific mRNA and that this
effect is separate from control of the allantoin

pathway. Further, we provide evidence that
transcription of the URA3 gene results in pro-
duction of multiple, discrete, polyadenylated
[poly(A)'] RNA species.

MATERlALS AND METHODS
Strains, plasmids, and growth conditions. All of the

strains used in this work are listed in Table 1. Plasmid
pFL1, derived from a yeast chromosomal bank provid-
ed by F. Lacroute, is composed of plasmid pBR322
DNA, a 1.1-kb Hindill fragment of yeast chromo-
somal DNA containing the URA3 gene, and the EcoRI
D fragment of the yeast 2u plasmid (3). Plasmid yIP5, a
gift from R. Davis, is composed of a 1.1-kb HindIII
fragment containing URA3 inserted by deoxyguanine-
deoxycytidine tailing into the unique AvaI site of
pBR322 (17). Plasmid pBRD was a gift from Tom Petes
and is composed of a 0.66-kb yeast chromosomal
fragment containing portions of the 5.8S and 18S
ribosomal RNA genes inserted into the unique EcoRI
site of plasmid pBR322.
Growth conditions and media for preparation of

RNA from yeast strains and for preparation of plas-
mids from Escherichia coli were as previously de-
scribed (19). Proline (0.1% [wt/vol]) was utilized as the
sole source of nitrogen unless otherwise stated.

Preparation of RNA and radioactive DNA restriction
fragments. Extraction of RNA from yeast cells grown
on Wickerham medium (22) was essentially as de-
scribed by Carlson and Botstein (2). RNA prepared in
this manner was enriched for poly(A)+ RNA by two
passages over an oligodeoxythymidylate cellulose col-
umn as described earlier (19). Procedures for Northern
blot hybridization were also described earlier (19).

Restriction enzyme digestion, 5'-end labeling of
DNA fragments, and elution of radioactive fragments
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TABLE 1. Strains used in this work

S. cerevisiae strain Genotype

M970.MATx Iys2
......................... ATa lys

MATa lysS

M1081.MATa lys2 daI80-I
MATa lys5 dal80-1

M1407 .................. MATa lys5 dal81-2
MATa lys2 daI81-2

from 5% acrylamide gels were performed by the
procedures of Maxam and Gilbert (14). The 3'-end
labeling of DNA restriction fragments was as de-
scribed by Maniatis et al. (13). Strand separation of
end-labeled DNA fragments was performed either in
1.75% agarose gels prepared in 1 x TAE buffer (19) for
fragments above 1.0 kb or in 5% low bis-acrylamide
gels, both as described by Maniatis et al. (13). All
enzymes were purchased from New England Bio-Labs
or Bethesda Research Laboratories.

S1 nuclease mapping of 3' and 5' RNA termini. S1
nuclease mapping protocols and solutions were based
on those reported by Favaloro et al. (7). The 3'- or 5'-
end-labeled fragment was coprecipitated with 20 ,ug of
the appropriate poly(A)+ RNA preparation and 100 ,ug
of E. coli tRNA (Sigma Chemical Co.). The precipitate
was redissolved in 1 x hybridization buffer (prepared
by mixing 4 volumes of deionized formamide with 1
volume of a concentrated solution composed of 2 M
NaCl, 5 mM EDTA, and 0.2 M PIPES [piperazine-
N,N'-bis-2-ethanesulfonic acid] [pH 6.4]) and incubat-
ed at 44°C for 3 h. Hybridization was terminated by
addition of 300 p.J ice-cold nuclease S1 digestion buffer
(0.28 M NaCl, 4.5 mM ZnSO4, 50 mM sodium acetate
[pH 4.6], 20 ,ug of denatured salmon sperm DNA per
ml, 130 to 400 U of nuclease S1 per ml). The digestion
mixture was incubated for 30 min at 37°C unless
otherwise stated. Digestion was terminated by addi-
tion of 30 ,ul of ice-cold termination mix (4.0 M
ammonium acetate, 0.1 M EDTA, 200 ,ug of E. coli
tRNA per ml) followed by ethanol precipitation. The
precipitate was redissolved in 5 ,u1 of 0.1 M NaOH-5
mM EDTA and 5 ,ul of a urea-dye mixture (32% urea,
0.1% bromophenol blue, 0.1% xylene cyanol [wt/vol])
was added, followed by heating at 90'C for 2 min. The
sample was rapidly chilled on ice and loaded onto a 8.3
M urea-6% acrylamide gel (15 by 20 cm). Electropho-
resis was carried out for 10 to 12 h at 8 V/cm. Size
standards were pBR322 digested with Avail-HindilI
and 3'-end labeled with the Klenow fragment of DNA
polymerase.

RESULTS
Oxalurate-mediated induction of two RNA spe-

cies complementary to yIP5 DNA. While studying
oxalurate-mediated induction of the allantoin
pathway genes, we observed two additional
RNA species (1.0 and 1.5 kb) responding to the
presence of this gratuitous inducer. These spe-
cies were present at high levels when oxalurate

was provided in the growth medium and at
markedly low levels when it was not (Fig. 1,
lanes A and B). Both RNA species were found
to be complementary to the 1.1-kb insert of
vector yIP5, a DNA fragment which has been
shown by others to carry the URA3 gene (1, 3).
As shown in Fig. 1, high levels of hybridization
were observed when plasmid yIP5 was used as a
probe, yet no hybrid formation could be detect-
ed when plasmid pBR322 was used instead (lane
C). These two plasmids differ only by the 1.1-kb
URA3 insert, which is contained in the former.
The response of these RNA species to the

gratuitous inducer of the allantoin degradative
enzymes prompted us to ascertain whether their
production was also influenced by the allantoin
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FIG. 1. Northern blot analysis of poly(A)+ RNA
derived from wild-type (WT) and mutant strains of S.
cerevisiae grown in the presence or absence of oxalur-
ate (OXLU). Five micrograms of each poly(A)+ RNA
preparation were separated on formaldehyde agarose
gels, transferred to nitrocellulose, and hybridized to
the indicated probe as described in the text. Poly(A)+
RNAs prepared from M970 cultured in the absence
(lane A) and presence (lanes B and C) of OXLU were
probed with nick-translated yIP5 DNA (lanes A and B)
or pBR322 DNA (lane C). Poly(A)+ RNAs isolated
from strain M1045 (dal811daI81, lanes D to E), strain
M970 (WT, lanes F to H), and strain M1081 (daI801
daI80, lanes I to K) cultured in the absence (lanes D,
G, and J) or presence (lanes E, H, and K) of OXLU
were probed with nick-translated yIP5 DNA. Lanes F
and I contain poly(A)+ RNAs isolated from strains
cultured with 0.1% (wt/vol) asparagine (ASN) as the
sole nitrogen source. RNA sizes are in kilobases. The
size standards we used were derived from pBR322
DNA digested with Avall or AluI, heated at 90°C for
15 min, and separated in the same fashion as for the
RNAs. The fragments used for calibration were 1.7,
1.4, and 0.3 kb (Avall digest) and 0.9, 0.7, 0.5, and 0.4
kb (AluI digest).
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pathway regulatory elements. To accomplish
this, we determined the amounts of the two
species in wild-type and dal80 and dal81 mutant
strains. Mutation of the DAL80 locus has been
shown to result in constitutive expression of the
allantoin pathway genes (4). Dal81 mutants, on
the other hand, have pleiotropically lost the
ability to induce the expression of these genes
(21). As shown in Fig. 1, lanes D to K, neither
mutation affected production of the two RNA
species. On the contrary, the mutant and wild-
type strains behaved identically; only the pres-
ence of oxalurate in the culture medium sig-
nificantly affected the transcript levels.
Furthermore, growth of wild-type strain M970,
with urea as the sole nitrogen source, and
growth of a dur2 mutant strain in minimal pro-
line medium did not result in an increase of the
transcripts hybridizing to yIP5 DNA (data not
shown). High levels of the allantoin degradative
enzymes are produced in both of these situations
(5). These experiments ruled out the possibility
that oxalurate-mediated increases in URA3 gene
expression were related to the allantoin degrada-
tive system. The observed induction of poly(A)+
URA3 mRNA was specifically dependent on the
presence of oxalurate.
The 1.0-kb and 1.5-kb species are discrete

transcripts. The observation that apparently two
distinct transcripts were induced by oxalurate
was puzzling. Since the larger 1.5-kb transcript
migrated just in front of the 1.7-kb 18S rRNA, it
was possible that 18S rRNA contamination of
the enriched poly(A)+ RNA resulted in the
artifactual appearance of a species migrating at
approximately 1.5 to 1.7 kb. Such an artifact
would have conceivably resulted from concen-
tration of URA3 mRNA that "tailed" behind the
main 1.0-kb band; such tailing is often observed
in overloaded formaldehyde gels. The 18S rRNA
would serve in a snow plow-like fashion accord-
ing to this hypothesis. To determine whether
this was the case, we conducted the following
experiment. Two circular wells were cut near
one corner of a large 1.5% agarose formaldehyde
gel. Ten micrograms of poly(A)+ RNA isolated
from an oxalurate-induced culture was loaded
into each well and electrophoretically fractionat-
ed. The outside lane was then cut off and set
aside, and the remainder of the gel was rotated
90° and subjected to electrophoresis in the sec-
ond dimension. After the outer lane was reas-
sembled with the rest of the gel, the entire
contents were transferred to nitrocellulose. The
resulting Northern blot was hybridized to radio-
active yIP5 DNA, and the hybrids were visual-
ized by autoradiography. The same filter was
then hybridized a second time to radioactive
pBRD, a pBR322 derivative containing portions
of the yeast 18S and 5.8S rRNA genes. If the 1.5-
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FIG. 2. Hybridization analysis of poly(A)+ RNAs
derived from strain M970 cultured in the presence of
oxalurate. (a) Poly(A)+ RNA was fractionated in two
dimensions (arrows), transferred to nitrocellulose pa-
per, and hybridized with plasmid yIP5 DNA which had
been made radioactive by nick translation. (b) Same
filter as above was hybridized a second time with
plasmid pBRD DNA which had been made radioactive
by nick translation. The positions of the URA3 and
rRNA transcripts are indicated. RNA sizes are indicat-
ed in kilobases.

kb species was an artifact caused by a snow
plow effect of contaminating 18S rRNA, then the
first-dimension 1.5-kb spot would be predicted
to migrate either as a smear or as a 1.0-kb
species in the second dimension. This result was
expected because the 18S rRNA would not
migrate behind the 1.5-kb species in the second
dimension, but rather would be adjacent and
parallel to it. As shown in Fig. 2, the 1.5-kb
transcript clearly separated from the 18S rRNA
and continued to migrate as a discrete species in
the second dimension. The 5.8S rRNA migrated
to a position near the bottom of the gel. The spot
appearing directly below the 1.0-kb transcript
was likely due to RNA degradation; it appeared
in this preparation of poly(A)+ RNA, but was
absent from others. This experiment indicated
that the 1.5-kb and 1.0-kb RNAs were discrete
oxalurate-inducible transcripts homologous to
the 1.1-kb HindIII fragment carried by yIP5.
Mapping the URA3 transcripts. The two coor-

dinately induced transcripts could have been
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FIG. 3. Restriction endonuclease map of the 1.1-kb DNA fragment containing the URA3 gene. The locations
of cleavage sites within the yeast genomic DNA (solid lines) were derived from the published maps (1, 3) and
from our own analysis (data not shown). Vector sequences represent a composite of the sites in plasmids yIP5
(the leftward HindIlI site) and pFL1 (the internal HindlIl sites and the rightward Sau3A site). DNA fragments 1
and 2 were made radioactive by nick translation. DNA fragment 3 was labeled at the 5' termini with [a-32P]ATP
and polynucleotide kinase, and DNA fragment 4 was labeled at the 3'termini with [a-32P]dCTP and the Klenow
fragment ofDNA polymerase. Strands 4A and 4B were prepared from DNA fragment 4 by electrophoretic strand
separation. All procedures were as described in the text.

transcribed in several different ways: (i) with
opposite polarities (head-to-head or tail-to-tail),
(ii) with the same polarity, but in a nonoverlap-
ping manner (head-to-tail), or (iii) overlapping at
the 5' or 3' termini. Figure 3 details the structure
of the 1.1-kb HindlIl DNA fragment inserted
into plasmids yIP5 and pFL1, and the DNA
fragments used to analyze transcription of the
URA3 gene. Our initial experiment to distin-
guish among the above situations involved de-
termining whether the 1.0- and 1.5-kb mRNAs
were transcribed with the same polarity. To
accomplish this, the 1.1-kb HindIII fragment
from plasmid pFL1 was isolated, 5'-end labeled,
and subjected to electrophoretic strand separa-
tion. The separated strands of DNA were then
used to probe poly(A)+ RNA isolated from
oxalurate-induced cells. As shown in Fig. 4,
only the slowly migrating strand (lane B) hybrid-
ized to the separated RNA species. We conclud-
ed from this that both RNAs were encoded by
the same DNA strand.

Since this result ruled out the possibility of
head-to-head or tail-to-tail transcription, we
next set out to locate the 1.0- and 1.5-kb tran-
scripts within the 1.1-kb DNA fragment. We
argued that the 1.0-kb mRNA species was prob-
ably encoded entirely within the 1.1-kb HindIlI
fragment, because it had already been shown to
be sufficient for complementation of ura3 muta-
tions (3). The 1.5-kb transcript, on the other
hand, was longer than the 1.1-kb insert in plas-
mid yIP5. Therefore, one or both of its termini

must be outside of this region. To more closely
map these transcripts, we probed induced
poly(A)+ RNAs with DNA fragments represent-
ing the leftward PstI-HindIII region (Fig. 3,
fragment 1) and the rightward PstI-HindIII re-

gion (fragment 2) of the 1.1-kb insert. Only
fragment 2 hybridized strongly to the two tran-
scripts (Fig. 4, lane D). Fragment 1 hybridized
very weakly, if at all. Extremely long exposures
(7 to 14 days) of the autoradiogram revealed
barely detectable hybridization with the 1.0-kb
transcript. This was consistent with the conclu-
sion that one end of the small transcript was

situated either near or just to the left of the PstI
site, located 0.20 kb from the left end of the
insert. A similar experiment was carried out by
using the small HindIII-AvaII fragment (frag-
ment 3) as a probe. As shown in Fig. 4, lane E,
this fragment hybridized to both transcripts.
This result localized the terminus of the larger
transcript to the 0.175-kb region between the
PstI and Avall sites. We have not excluded,
however, the possibility that it is situated just to
the left of the PstI site. Since fragment 2 was

only about 1.0 kb long, which is the approximate
length of the smaller mRNA, these results and
the coordinate induction behavior suggested a

model in which the two transcripts were heavily
overlapped, possibly beginning at a common 5'
end. Further, the 1.5-kb transcript was likely
encoded by genomic sequences extending up to
0.5 kb beyond the right-hand HindIll site of the
insert.

i$0

MOL. CELL. BIOL.



INDUCTION OF MULTIPLE URA3 TRANSCRIPTS 1893

We began testing this hypothesis by using Si
nuclease mapping to locate the 5' and 3' termini
of the URA3 transcripts. To accomplish this, the
5' termini of the 0.38-kb AvaII-HindIlI fragment
(Fig. 3, fragment 3) were labeled with polynucle-
otide kinase, and the 3' termini of the 0.57-kb
Sau3A fragment (fragment 4) were labeled with
the Klenow fragment ofDNA polymerase I. The
labeled fragments were hybridized to poly(A)+
RNA isolated from oxalurate-induced cells. The
unhybridized, single-stranded nucleic acids
were then digested with Si nuclease; the remain-
ing duplexes were denatured, and the fragments
were resolved on a 6% urea-polyacrylamide gel.
As shown in Fig. 4, lane H, two distinct frag-
ments of about 0.193 and 0.200 kb were protect-
ed from Si nuclease attack when poly(A)+ RNA
was present. There was no protection of the
probe when poly(A)+ RNA was omitted from
the initial hybridization mixture (Fig. 4, lane G).
The fact that the two protected fragments were
found to be of the same intensity is consistent
with the suggestion that the 1.0-kb and 1.5-kb
oxalurate-inducible URA3 transcripts begin at
two common sites. We must emphasize, howev-
er, that a situation in which the 1.5-kb transcript
protected one of these sites while the 1.0-kb
transcript protected both of them would go
undetected.

Protection of the 3'-labeled DNA fragment by
poly(A)+ RNA gave a quite different result.
Instead of producing two protected fragments
corresponding to the 1.0-kb and 1.5-kb tran-
scripts, there were fully seven discrete frag-
ments, ranging from about 0.190 to 0.260 kb
(Fig. 5, lane I). The longest fragment (260 nucle-
otides) represented protection of the entire
Sau3A-HindIII probe. This is the expected nu-
clease Si digestion product of a hybrid formed
between the sense strand of fragment 4 and the
1.5-kb transcript. Two other fragments of 190
and 220 nucleotides were present as major spe-
cies, whereas four minor species of 210, 230,
240, and 255 nucleotides were also obtained.
Such a range of putatively protected fragments
could be interpreted as an artifact caused by the
conditions of the nuclease Si protection experi-
ment, rather than representative of the locations
of multiple poly(A) sites. Again, protection was
entirely dependent on the presence of poly(A)+
RNA (Fig. 5, lanes E, F, H, and I). To ensure
that stabilization of the DNA duplex did not
produce an artifactual array of nuclease S1 di-
gestion fragments, the strands of fragment 4,
labeled at their 3' termini, were separated and
used individually to map the 3' mRNA termini
(Fig. 5, lanes A to F). When the faster migrating,
anti-sense strand was used, no protected fiag-
ments were observed (lane C). The slowly mi-
grating, sense strand (lane F), on the other hand,
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FIG. 4. (a) Northern blot analysis of the polarity of

the URA3 RNA transcripts. Poly(A)' RNA derived
from strain M970 cultured in the presence of oxalurate
was separated on formaldehyde agarose gels and
transferred to nitrocellulose paper. The filter was
separated into strips, and the individual strips were
hybridized with the designated 5'-end-labeled strand
of the 1.1-kb Hindlll fragment. (b) Location of the
leftward termini of the URA3 transcripts. Induced
RNA was fractionated and transferred to strips of
nitrocellulose paper as described above, and the indi-
vidual strips were hybridized with the designated
DNA fragment from Fig. 3. The filters in lanes C and D
were hybridized with nick-translated fragments, and
the filter in lane E was hybridized with the 5'-end-
labeled fragment. (c) S1 nuclease mapping of the 5'
termini of the URA3 transcripts. A total of 30,000 cpm
of the AvaII-HindIII fragment (DNA fragment 3; Fig.
3) which had been 5'-end-labeled with [(C-32P]ATP and
polynucleotide kinase was hybridized with poly(A)+
RNA (1 mg/ml) derived from an induced culture of
strain M970 as described in the text and digested with
200 U of nuclease S1 per ml. The protected DNA
sequences were fractionated through a 6% polyacryl-
amide gel under denaturing conditions and detected by
autoradiography. Lanes: F, undigested DNA fragment
3; G, control hybridization with no poly(A)' RNA; H,
1 mg of M970 poly(A)+ RNA per ml. Fragment sizes
were determined by comparison with 3'-end-labeled
AvaII-HindIII digestion products of pBR322. The
sizes of the fragments were derived from published
pBR322 sequence data (20) and were 1,743, 769, 664,
303, 279, 249, 222, 88, and 42 nucleotides, respective-
ly.

produced an array of Si-resistant fragments
identical to that seen when the double-stranded
probe was used. This rules out DNA duplex
formation as a factor in the production of the Si
digestion fragments.

Multiple Si-resistant fragments can also arise
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FIG. 5. S1 nuclease mapping of the 3' termini of
the URA3 transcripts. The Sau3A fragment (DNA
fragment 4; Fig. 3) or its individual strands which had
been labeled at the 3' end with [a-32P]dCTP and
Klenow DNA polymerase were hybridized with
poly(A)+ RNA, digested with nuclease Si, separated,
and processed as described in the legend to Fig. 4. (a)
Lane A contains undigested strand 4A, lane D con-
tains undigested DNA strand 4B, and lane G contains
undigested fragment 4. Lanes B, E, and H contain
control hybridization reactions devoid of poly(A)+
RNA. Lanes C, F, and I contained 1 mg of poly(A)+
RNA per ml. (b) Effects of varying the temperature of
nuclease S1 digestion on nuclease S1 products of
induced M970 poly(A)+ RNA-strand 4B DNA hy-
brids. Poly(A)+ RNA concentration was 0.5 mg/ml; all
other conditions were the same as those above for lane
F, except that S1 digestion was carried out at 37°C
(lane K), 31°C (lane L), or 25°C (lane M) as indicated.

from nonuniform trimming of ragged DNA over-
hangs, which are in turn dependent on the
severity of the S1 digestion conditions used (11).
In this case, however, heterogeneity is on the
order of one to five nucleotides (9), which is
below the resolution of the gels in Fig. 5. At any
rate, varying the Si concentration over a three-
fold range affected neither the size nor relative
intensities of the Si protection fragments (data
not shown). A third source of heterogeneity
such as that shown in Fig. 5 is nonrandom
digestion of the DNA-RNA hybrid under condi-
tions favoring selective breathing at various
points within the hybrid; the problem is intensi-
fied by the AT-rich sequences usually found in

3' flanking regions of yeast genes (23). This
possibility was examined by reducing the tem-
perature of S1 digestion, which should increase
the stability of AT base pairing and thereby
decrease selective "breathing" of the hybrid (8,
10). As shown in Fig. 5, lanes J to M, decreasing
the temperature during Si digestion did not alter
the sizes or relative intensities of the Si-resis-
tant fragments. The increase in intensity of each
band as the temperature was lowered resulted
from a decrease in the specific activity of the Si
nuclease at the lower temperature. The lack of
evidence for breathing or Si end nibbling led us
to conclude that each of the fragments observed
in lanes F and I of Fig. 5 might well represent the
3' terminus of a discrete URA3 mRNA tran-
script.

DISCUSSION
The availability of nonmetabolizable inducer

analogs has greatly facilitated the investigation
of gene regulation. In particular, oxalurate has
been very useful during our past studies of the
allantoin degradative system wherein it induces
expression of these genes as efficiently as the
native inducer, allophanate (5). Until now, we
felt that its action was exclusively restricted to
the allantoin system. However, the data present-
ed in this report clearly demonstrate that oxalur-
ate can also serve as an equally efficient inducer
of the URA3 gene. This ability likely derives
from the structural similarity that exists between
oxalurate and the suggested native inducer of
this gene, dihydroorotate (Fig. 6) (12). In spite of
the fact that oxalurate can serve as inducer for
both systems, two observations point to the
physiological individuality of uracil biosynthesis
and allantoin degr'adation in vivo. First, URA3
gene expression was not induced by provision of
urea as a nitrogen source, a physiological condi-
tion which results in induction of the allantoin
system. Second, production of URA3 tran-
scripts was immune to the effects of mutation of
either of the allantoin system regulatory genes.
The ability of oxalurate to serve as a gratu-

itous inducer of both the allantoin system and
URA3 gene raises an interesting question: why
does allophanate fail to induce expression of
URA3? Conversely, is dihydroorotate able to
induce expression of the allantoin system genes?
Comparison of the three structures in Fig. 6 may
provide some insight into this paradox, though
the correlations derived are not easily tested in a
direct manner. Allophanate is missing the car-
boxyl group which extends from the six-mem-
bered rings of both dihydroorotate and oxalur-
ate. If this group was important for either
binding of the inducer to its cognate control
element(s) or subsequent conformational change
of that element(s), allophanate would probably

MOL. CELL. BIOL.
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FIG. 6. Structures of the URA3 gene native induc-
er dihydroorotate, the allantoin system native inducer
allophanate, and the gratuitous analog oxalurate.

fail to effectively substitute for dihydroorotate.
If, conversely, the C-1 oxygen of allophanate
functioned similarly in control of the allantoin
system genes, dihydroorotate would unlikely be
able to fill this role due to the presence of a
methylene group in this position. According to
this explanation, oxalurate functions well for
both systems because it possesses the structural
requirements of each. It is conceptually feasible
to test directly whether or not dihydroorotate
will serve as an inducer of the allantoin degrada-
tive system by using the mutant cited earlier.
Since we do not have this mutant at present, the
experiment has not yet been performed.

Increased URA3 gene expression resulting
from induction with oxalurate made it possible
for us to recognize the existence of two major
URA3 transcripts. A 1.0-kb species accounted
for about 92% of the total URA3 homologous
RNA, whereas a 1.5-kb transcript accounted for
the remaining 8%. Nuclease S1 mapping of the
URA3 5' terminus demonstrated the existence of
two protected species which differed by only 7

to 10 base pairs (Fig. 4, lane H). The equal
amounts of these two species lead us to con-
clude that the 1.0-kb transcript was composed of
species that were represented more or less
equally among the two protection fragments.
The distribution of 1.5-kb mRNA 5' termini
between the two protection fragments could not
be determined from the unfractionated RNA we
used. However, hybridization patterns of 1.5-kb
RNA species argue that the 5'-terminus of this
species is not located in a significantly different
region from that observed for the 1.0-kb species
and may, in fact, be at the same point. The
important point is that the 500-nucleotide differ-
ence between the two URA3 transcripts did not
derive from the longer species beginning 0.5 kb
upstream from the start site of the 1.0-kb spe-
cies.

Nuclease Si mapping of the 3' termini, on the
other hand, revealed seven discrete classes of
3'-terminal protection fragments, each differing
in length by about 10 nucleotides (Fig. 7). The
190-nucleotide fragment is by far the most domi-
nant. Next in abundance are the 220- and 255-
nucleotide species, followed by those of 260 and
210 nucleotides, respectively. The 230- and 240-
nucleotide species were least abundant. The
largest protected fragment was of a size expect-
ed if the RNA-DNA hybrid extended to the right
end of the URA3 insert. We therefore presume
that the 1.5-kb transcript is homologous to ge-
netic material extending beyond what has been
cloned in plasmid yIP5. Unavailability of these

205 175 530 260 320

3 . * 53-------' 5'

*.. * **.*210

220

230

*.. N. . ....255

260 : ::20

FIG. 7. Alignment of the URA3 transcripts and the URA3 gene restriction map. Distances are in nucleotides.
Yeast genomic sequences are represented by a solid line, whereas vector sequences are cross-hatched. Lengths
of URA3 RNA fragments (wavy lines) were taken from Fig. 4, lane G, and from Fig. 5. The region between 0.190
kb to the right of the internal Sau3A site and the rightward HindIIl site has been expanded for purposes of
clarity.
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3' flanking sequences prohibited us from deter-
mining whether the 1.5-kb RNA consists of
species with heterogeneous ends. It is quite
probable that the three smallest protection frag-
ments are generated from termination or proc-
essing sites within the 3' URA3 sequence pub-
lished by Zaret and Sherman (23). The major
190-nucleotide fragment, for example, ends in
the vicinity of the adenine- and thymine-rich
sequence TATATCA, which, interestingly, is
before any of the consensus sequences proposed
by Zaret and Sherman to be associated with
termination or polyadenylation. In a similar
manner, all of the remaining fragments, with
exception of the 210- and 260-nucleotide spe-
cies, appear to end in proximity to stretches of
adenines and thymines.
We have considered the real possibility of

these multiple protection fragments being gener-
ated artifactually. Repeated and varied attempts
to alter the observed pattern of fragments by
changes in the hybridization or S1 digestion
conditions were to no avail. This argues posi-
tively, but does not prove, that the observed
heterogeneity in the 1.0-kb transcripts is real.
From our data, it is not possible to decide

whether the heterogeneous 1.0-kb species derive
from multiple RNA termination sites followed
by polyadenylation of the transcripts produced
or, alternatively, multiple processing and poly-
adenylation of a single long precursor transcript.
The same uncertainty surrounds the relationship
of the 1.5-kb and 1.0-kb transcripts to one anoth-
er. It is unclear whether this heterogeneity ex-
tends over the 0.5-kb region between the 3'
termini of the 1.0- and 1.5-kb species. However,
results from the Northern blots shown in Fig. 1
argue against it. The very wide band observed
for the 1.0-kb species is consistent with the
heterogeneity we observe. Similar behavior was
not observed for the 1.5-kb species or the region
of the blot between the 1.0- and 1.5-kb tran-
scripts.
Minor heterogeneity over a 0.06-kb region

was observed for the his4 transcript (6). Howev-
er, the 3'-S1 map was not presented in that
report, making detailed comparison difficult.
Four major 3' termini were reported for the
mature ADR2 mRNA (16). However, the short-
est and longest species differed by only four
nucleotides, clearly a different situation than
that which we observe for URA3. Greater for-
mal similarity was observed for the chicken
vimentin gene (24). Here, two major transcripts
differing in length by 0.250 kb were found.
Preliminary data also suggested heterogeneity of
the two major species as well. In a similar
manner, Parnes et al. reported the occurrence of
P2-microglobulin transcripts which differed in
length by over 200 nucleotides (15). Here, as

before, heterogeneity was observed at the 3'
termini of the shorter transcripts. In this case,
however, the major size classes were correlated
with the presence of the hexanucleotide se-
quence AATAAA hypothesized to play an im-
portant signaling role in mammalian cells. It
remains to be shown whether analogous signals
can be found in flanking sequences of the yeast
URA3 gene.
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