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ABSTRACT We describe the analysis of two cis-dominant
mutations that result in constitutive expression of the inducible
CARI gene from yeast. One mutation results from insertion
of a Ty element just upstream from the point where CARl-
specific transcription begins. The other mutation is a C-to-G
transversion at position -153. Isolation of this point mutation,
outside of the transcribed region of CAR], suggests that ex-
pression of this gene is regulated at transcription. It also dem-
onstrates the feasibility and usefulness of analyzing the regula-
tory sequences of eukaryotic genes on a nucleotide-by-nucleo-
tide basis.

The control of gene expression in bacteria has been an area
of intensive and productive study. In several cases, investi-
gators have analyzed sequences regulating transcription one
base at a time through the use of mutations located in the
pertinent control region (1). These studies have provided an
increasingly detailed picture of the molecular events in-
volved with the expression of bacterial operons and control
of this process. There is every reason to believe that a simi-
lar approach would yield equally detailed information about
the control mechanisms of gene expression in eukaryotic
cells. However, a paucity of cis-dominant control mutations
in eukaryotic systems has raised questions about whether or
not mutational analysis of eukaryotic regulatory sequences
will be feasible. Two cis-dominant regulatory mutations
have been reported to occur at the CAR] locus in Saccharo-
myces cerevisiae (2). These mutations alter expression of the
gene encoding arginase.

Arginase (CARl) and ornithine aminotransferase (CAR2)
catalyze the first two steps of arginine degradation (3). The
production of both enzymes has been shown to be inducible
(3), and arginine has been identified as the native inducer (4).
Enzyme production is also subject to nitrogen-catabolite re-
pression when strains are grown in the presence of readily
used nitrogen sources such as asparagine or glutamine. Two
classes of recessive, regulatory mutations have been isolat-
ed. Strains carrying lesions at the arg8O, arg8l, or arg82
(argRI, argRII, and argRIII) loci are unable to induce pro-
duction of arginase and ornithine aminotransferase (2, 5). On
the other hand, strains with mutations at the car8O locus pro-
duced both enzymes constitutively (5). Mutations at car8O
have been shown to be epistatic to those at the arg8O-82 loci
(2, 5).
We previously suggested that expression of the arginase

gene was regulated at a point prior to the initiation of protein
synthesis; transcriptional control was considered a likely
candidate (6). To test this hypothesis, we cloned the CAR]
gene and used it as a probe to measure the steady-state levels
of CARl-specific RNA (7). We found that CAR] mRNA in-
creased dramatically when arginine was added to the culture
medium of wild-type cells. This increase was not seen if as-

paragine was added along with inducer (i.e., CAR] mRNA
production appeared to be sensitive to nitrogen catabolite
repression). RNA derived from a car8O mutant contained a
high constitutive level of CAR] mRNA even when the mu-
tant cells were grown in the absence of inducer. However,
CAR] mRNA dropped to nearly undetectable levels when
the car80 culture was provided with a repressive nitrogen
source such as asparagine. This result again demonstrated
the presence of nitrogen repression on CAR] gene expres-
sion and eliminated inducer exclusion as a basis for it. The
qualitative differences in CAR] mRNA levels, generated by
alteration of the strain's genotype and growth conditions, led
us to suggest that control of arginase production was pre-
dominantly exerted at the level of CAR] transcription (6).
As one means of testing for the existence of CAR] tran-

scriptional regulation, we have cloned the two cis-dominant
mutant alleles mentioned above and determined their nucle-
otide sequences. The mutant lesions were each found to be
located outside of the transcribed region.

Alteration of the CAR] induction and repression process-
es by mutations situated upstream from the beginning of the
transcript is consistent with CAR] regulation being exerted
at the transcriptional level. A preliminary report of this work
has already appeared.t

METHODS
The strains of S. cerevisiae and Escherichia coli used in this
work are listed in Table 1. Standard genetic methods were
used throughout (10). Yeast carbon-base medium (Difco)
was used for growth of transformants and enzyme assay. Ni-
trogen sources were provided at 0.1% final concentration,
while double nitrogen sources were supplied at 0.05% each.
Detailed procedures for cloning (7), DNA sequence analysis,
and construction of the fusion plasmids will appear else-
where. Yeast arginase activity was assayed by the methods
of Whitney and Magasanik (4). /3Galactosidase activity was
measured by the method of Rose and Botstein (11); units are
expressed as nmol of O-nitrophenyl P-D-galactoside (ONPG)
hydrolyzed per min/mg of protein.

RESULTS
Isolation and Nucleotide Sequence Analysis of the CARl-Oh

and CARI-0- Alleles. As a first step toward understanding
how the CARI-Oh and CARJ-0- mutations generate constitu-
tive expression of the CAR] gene, we isolated them on chi-
meric plasmids. This was accomplished by the integration-
excision method described by Stiles (12). The CAR1-Oh exci-
sion plasmid derived from this procedure was isolated, and a
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Table 1. Strains used in this work

Strain Genotype
S. cerevisiae
RH218 MATa trpl CUPI gal2 SUC2 Mal-
7094a MATa carJOh
7204b MATa carl-O-
VT27 MATa trpl CUP] car]
M1360-21A and 7C MATa trpl his6 ura3-52 carl
M1394-17D MATa trpl ura3-52 carl-0-
M1369-1OD MATa trpl ura3-52 carJ-Oh

E. coli
SF-8 hsdR hsdM recB recC lop-i supE44

gal-96 Sm' leuB thi-J thr-
HB101 hsdR hsdM recA13 supE44 lacY)

proA2 Smr leuB thi-J

The yeast strains used in this work have been described previ-
ously (7-9).

restriction map of it was constructed (data not shown). A
portion of this map was found to be colinear with that of
plasmid D15 (13), thereby indicating that the CAR]-Oh phe-
notype was generated by insertion of a Ty sequence just up-
stream from the Bgl II site at the 5' end of the CAR) gene.
The same procedure was used to clone the CAR-0- allele

(plasmid pRS20) of the CAR) gene. The cloned CARJ-0
gene generated a typical mutant phenotype (constitutive ar-
ginase production that was partially resistant to nitrogen ca-
tabolite repression) when its expression was assayed follow-
ing transformation of the plasmid into a car] S. cerevisiae
recipient. This observation indicated that the CAR-0- allele
was definitely contained on the fragment excised from the
mutant genome. Subcloning experiments localized the muta-
tion to a 2.45-kilobase region upstream from the beginning of
the CAR] gene coding region. A detailed restriction map of
the excised fragment was prepared and was found to be pre-
cisely the same as its wild-type counterpart, indicating that
the CARJ-O- phenotype did not arise from a gross, chromo-
somal rearrangement like the one seen with CAR-Oh.

Structural analysis of the constitutive alleles was pursued
to the nucleotide sequence level by using the strategy depict-
ed in Fig. 1. A restriction map of plasmid pRS21 indicated

that insertion of the Ty element of the CAR]-0h mutant was
just upstream of the Bgl II site. Therefore, we sequenced
both strands from that site into the delta region of the Ty
element. The position of the second Ty junction was ob-
tained by sequencing both strands upstream from the Xho I
site situated in the Ty delta. We found that the Ty element
insertion into the CAR] 5' flanking sequence was at position
-135, one base 5' from the first 5' T-A-T-A-T 3' sequence
associated with the CAR] gene. Junction sequences span-
ning the point of Ty element insertion were found to be 5' T-
A-A-A-G-A-G-T-A-T-A-T-T-G-A-G-A-A-A-T-A-T-G-T-G 3'
and 5' G-A-T-T-T-T-T-A-T-T-C-C-A-A-C-A-T-A-T-A-T-A-
A-G-C-A-G-A 3', respectively; the repeated genomic se-
quence, T-A-T-A-T, has been underlined. This observation
is very similar to that of Farabaugh and Fink (8).

Since the CARJ-0- lesion had not been localized, we de-
termined the nucleotide sequence of the region adjacent to
the 5' end of the mutant gene (positions +219 to -600) and
found it to be absolutely identical to the wild type with only
one exception. A guanidine nucleotide (cytidine in the sense
strand) at position -153 of the wild type was replaced with a
cytidine nucleotide in the mutant allele (Fig. 2).

Construction of CARJ-L4CZ Fusion Plasmids. The finding
of a single C-to-G transversion (position -153 of the sense
strand; Fig. 3 and ref. 14) in the CARJ- mutant prompted
two questions: (i) could this base change be verified in an
independent manner and (ii) was this alteration sufficient to
generate the mutant phenotype? In other terms, was there a
second lesion upstream of the 600-base-pair (bp) fragment
whose sequence we determined? The first question was ad-
dressed directly. The wild-type CAR] sequence in the vicini-
ty of the CARJ- mutation is 5' T-A-G-C-C-G-C-C-G-A 3'.
The mutant sequence is 5' T-A-G-C-G-G-C-C-G-A 3'. This
mutant sequence contains the recognition site forXma III (5'
C-G-G-C-C-G 3'). Therefore, the mutant allele was expected
to possess a Xma III site that is missing from the wild-type
allele. We tested this prediction by end-labeling a 526-bp Ava
II-Ava II fragment (containing the region in question, posi-
tions -516 to + 10 in Fig. 3) from wild-type and mutant plas-
mids. The two fragments then were digested with Xma III,
and the digestion products were resolved on an acrylamide
gel. Xma III did not cleave the wild-type fragment but did
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FIG. 1. Sequence strategy for the CAR) mutant alleles. Vertical
lines indicate the labeling sites used for sequencing the CARJ-Oh (A)
and CARJ-0- (B) mutant alleles. Arrows indicate the extent of se-
quence read from a single labeled site. c, Fragments 3'-end-labeled
with Klenow fragment; *, fragments 5'-end-labeled with polynucle-
otide kinase. Numbers are relative to the CAR) ATG at position + 1.
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FIG. 2. Comparison of CARl-0- and wild-type sequences. Se-
quence reaction products from 5'-end-labeled CARJ-0- DNA (Left)
and wild-type DNA (Right) were resolved on a 10% acrylamide/
urea gel. Arrows indicate the single base-pair transversion at posi-
tion -153.

Proc. Nad Acad Sci. USA 82 (1985)

0 T



Proc. Natl. Acad Sci. USA 82 (1985) 645

-600
TGATTTTTACATACCGTATATCCAATTTACGGCCCTTCACATATAGCGGCGAAATGATGGTAAGCTACGCATACTGTCTG

-520
ACAGGACCCTATTCTAGCAACCTTACATGAAACAAAAACAAACAACATCACATCATACGGATGAACTACGGGTGCAATCC

-440 0 ae
CTGACTCATCAATGTTTATCATAAACTTAGATATCAACACTGATAAACCCCACCTCTATTTTTACTGGTTCTTCACTTTT

-360
TCGATGCCGCACCGTCGCCCGCGATCCCCGCCCTTTGATTGCTCCTTCCATTAACAGTTTTTTTCTATCCCTTACAAGAA

-280 , ,> .
GCCGAGACGCCGCGAAAATATCGGCTAGTGCGAATAGTCTCTAGCTCTTGCCCTTCGCAAAGCACCGTGCTGCTAATGGC

-200 -153
AATCAACAGCGCATCGCCGCTCGCTGAATTTTTCACTTAGCGGTAGCCGCCGAGGGGTCTAAAGAGTATATAAGCAGAGC

TTGCGGCCCACTTTCTATCAAGATCTAAGACTGTTTCTCTTCTCTTGGTCTGTATATGTTTTCTCAAAGTT-AGCAGAAAC
-40 ,t+_

AACAACAACAACTATATCAATAACAATAACTACTATCAAG ATG GAA ACA GGA CCT CAT TAC AAC TAC TAC AAA
* ~ , bMET GLU THR GLY PRO HIS TYR ASN TYR TYR LYS
.

cleave the mutant fragment into pieces of approximately 370
and 150 bp (Fig. 4). This result indicates the presence of an
Xma III site in the mutant fragment and, hence, a C-to-G
transversion at position -153 in the CARI-0- mutant DNA.
To determine whether the single base alteration we ob-

served was, alone, sufficient to cause the mutant phenotype,
we constructed CARJ-LACZ fusions using wild-type and
mutant DNA as the source of CAR] sequences. The essen-
tial basis of this strategy is the fact that the wild-type and
mutant sequences fused to LACZ were derived from fully
sequenced fragments that differed by only the C-to-G trans-
version at position -153. The detailed strategy, which is de-
picted in Fig. 5, produced an in-frame fusion of the LACZ
gene to a site 13 bp into the coding region of CAR]. The 5'
end of the CAR] fusion fragments was at position -516. Af-
ter verifying the structures of fusion plasmids pRS45 and
pRS46, they were transformed into yeast strain RH218. The
respective transformants were isolated and grown under
conditions in which the CAR] gene should be expressed at
an uninduced basal level (glutamate), an induced level (argi-
nine), and an induced but nitrogen-catabolite-repressed level
(arginine and asparagine) of arginase activity. The wild-type
fusion (pRS46) exhibited a normal pattern of regulation for
the fused CAR]-LACZ gene (Fig. 6)-i.e., it was both induc-
ible (compare Arg vs. Glu) and repressible (compare Arg vs.
Arg + Asn). The mutant fusion (pRS45) exhibited a pattern
of 3galactosidase regulation identical to that observed for
arginase in the CARJ-0- mutant. ,3-Galactosidase was con-
stitutively produced on glutamate, there was modest dere-
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"i4 FIG. 4. Xma III digestion products
530 bp from wild-type (WT) and CARI-0-

DNA fragments. Ava II DNA frag-
360 bp- .lm ments of 0.53 kilobase (positions -517

to +10 relative to ATG) were isolated
from wild-type and CARJ-0- DNA and
5'-end-labeled. They were then digest-

150 bP _ _ ed with restriction enzyme Xma III un-

der supplier's reaction conditions. The
digests were then resolved on a 7% ac-
rylamide gel adjacent to undigested
fragments and unlabeled standards.

FIG. 3. The 5' regulatory region of
the CAR] gene. Paired arrows termi-
nating in symbols above the sequence
indicate the regions of inverted repeat
homologies (20% mismatch). Arrows
below the sequence not terminating in
symbols indicate directly repeated se-
quences. Palindromic sequences are
denoted by divergent arrows joined at
the point of symmetry. Major 5' termi-
ni of CAR] transcripts are indicated by
vertical arrows (14). Thick bars denote
the extent of 5' terminal heterogeneity
on these mRNA species. All numbers
are relative to the ATG at position + 1.
Symbols o, o, <, >,,O, 4, and e iden-
tify paired sequences.

pression when arginine replaced glutamate as the nitrogen
source, and asparagine repressed ,-ga~lactosidase production
by about half. This result indicated that the C-to-G transver-
sion alone accounts for the phenotype of the CARI-0- muta-
tion.
A third fusion was constructed in a manner similar to that

described in Fig. 5. Here, the objective was to assess wheth-
er sequences in the vicinity of the CARJ-0- mutation (posi-
tion -153) were necessary for CAR) gene expression.
Therefore, all of the nucleotide sequences 5' from the BgI II
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FIG. 5. Construction of CARI-0- and wild-type (WT) CARl-
LACZ fusions. Ava II fragments (positions -517 to +10 relative to
ATG) were prepared from wild-type and CARJ-0- DNA and were
made blunt-ended by the Klenow fragment of DNA polymerase I.
BamHI molecular linkers (10-mers) were then added and trimmed
by subsequent addition of DNA ligase and BamHI. The resulting
BamHI fragments were ligated into plasmid pBR322 and then sub-
cloned into the LACZ vector, pRS44, thereby producing the fusion
plasmids (pRS45 and pRS46), which were identified by miniprepara-
tions. The resulting reading frame of the CARI-LACZ fusions is
shown at the bottom of the figure.
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-516 -157 mRNA
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-516 -157
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322 CARI -A99

site (position -100) were deleted. Position -99 is 50 bp up-
stream of the first CAR) mRNA start site and 31 bp 5' to the
"TATA" box that probably functions in the expression of
this gene. As shown in Fig. 6, deletion of the sequences be-
tween positions -516 and -99 results in nearly complete
loss of /3-galactosidase production, thus pointing to their ne-
cessity for CAR] gene expression.
While attempting to localize the CARI gene by subclon-

ing, we had subcloned a CARl-containing fragment that ter-
minated at this Bgl II site (plasmid pRS18 in Fig. 7 and in fig.
2 of ref. 7) and had found this construction to complement a
carl mutation. Arginase production supported by this sub-
clone is shown in Fig. 7, where it is compared to a larger
fragment (plasmid pTC42) containing several kilobases of
DNA upstream of CAR]. The CAR] gene, borne on plasmid
pRS18, was inducible but to a lesser extent than was ob-
served for the CAR1 gene borne on plasmid pTC42. Al-
though induction was somewhat decreased, it was definitely
present. The most straightforward explanation of this result
is that expression of the CARl gene on plasmid pRS18 is
dependent on vector sequences that are not present in the
pRS47 (carl-A99) construction. We assessed this possibility
by searching the tetracycline-resistance gene sequence on
plasmid pBR322 (600 bp from the BamHI site toward the
Ava I site) for homology to sequences upstream of the CAR]
ATG (positions -600 to + 1 of CARl). The sequence 5' T-A-
G-G-C-G-C-C-A-G 3' was found at position -161 from the
CAR] ATG in plasmid pRS18, thus placing it in the ETgene
of the plasmid. This sequence is very similar to the decanu-
cleotide 5' T-A-G-C-C-G-C-C-G-A 3' found at position -157
in the wild-type CAR] gene.

All of the above observations point to the importance of
the sequence 5' T-A-G-C-C-G-C-C-G-A 3' in the regulation
of CARl gene induction. If this conclusion is correct, one
might expect to find the same sequence in the 5' regulatory
region of the CAR2 gene because both arginase and ornithine
aminotransferase production are similarly inducible (2, 3, 9).
Therefore, we isolated the CAR2 gene and determined its
complete nucleotide sequence (unpublished data). When we
compared the 5' flanking sequences of the CAR) and CAR2
genes, we observed two areas of homology: the sequence T-
A-T-A-T at position -114 and the sequence 5' T-A-G-C-C-
G-C-C-G-A 3' at position -177. The latter sequence is exact-
ly the same one we observed in the wild-type CARl gene,
and it is the sequence that contains the C-to-G transversion
in the CARI-0- mutant. The position of the decanucleotide
with respect to ATG is also approximately the same in both
CARI and CAR2.

DISCUSSION
Several observations identify the sequence 5' T-A-G-C-C-G-
C-C-G-A 3' as potentially important to the regulation of
CARI gene expression in S. cerevisiae. First, the sequence
is found adjacent to the 5' end of both the CAR) and CAR2
genes, which are known to be similarly inducible (2, 3, 9).

,8-Galactosidase Activity FIG. 6. 3-Galactosidase activity of

Glu Arg Arg + the CARI-LACZ fusion plasmids. Plas-
Asn mids pRS45 (CARJ-0--LACZ fusion),

309 2942 63 pRS46 (WT CARJ-LACZ fusion), and
pRS47 (CARI-A99-LACZ fusion) were
transformed into yeast strain RH218 as
described. A transformant from each
plasmid was grown in the presence of

1543 2934 1155 the nitrogen source indicated and as-
sayed for /3-galactosidase activity. The
plasmid designated CARI-A99 con-
tains a deletion extending from posi-

36 35 7 tion -516 to position -100 relative to
the ATG of the fusion plasmid.

rI FTV 4pT42 AMMONIJ
30 40 50 60

Klett units

FIG. 7. (Upper) Restriction map of plasmid pRS18. Arrows indi-
cate the direction of transcription of genes present on this plasmid.
(Lower) Differential rate of arginase synthesis supported by plas-
mid-borne copies of the CARl gene. Plasmids pTC42 [wild-type
CARl (7)] and pRS18 [CARI gene with sequences deleted upstream
of the BgI II site at position -100] were transformed into a carl
yeast strain (VT27), and the transformants were grown on the indi-
cated nitrogen sources. Cell samples were removed at the indicated
cell densities and assayed for arginase activity. Klett units were
measured with a green filter.
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Deletion of the sequence resulted in a dramatic decrease in
expression of a CAR1-LACZ fusion. More or less normal in-
duction was then restored when the deleted sequences were
replaced with those derived from the coding portion of the
tetracycline-resistance gene of plasmid pBR322. A search of
this gene revealed two sequences, 5' T-A-G-G-C-G-C-C-A-G
3' and 5' G-C-C-G-C-C-G 3', that are closely related to the
decanucleotide mentioned above. Finally, mutation of a sin-
gle nucleotide in this sequence resulted in constitutive
expression of the CAR] gene that was partially resistant to
nitrogen catabolite repression. Although these observations
point to a significant regulatory role for the sequence 5' T-A-
G-C-C-G-C-C-G-A 3', it is important to recognize that the
termini of this sequence were designated by the homology
observed between CAR] and CAR2 sequences. Whether this
sequence alone is sufficient for the regulation of CAR] gene
expression remains to be directly tested.
The single base change shown to account for the constitu-

tive CARJ-0- phenotype generates an important insight into
control of CAR] gene expression. This observation along
with the existence of unlinked recessive mutations, which
also result in constitutive production of the CAR] and CAR2
gene products, are characteristics expected for genes that
are negatively controlled. While this suggestion does not ex-
clude other more complicated models, it does serve as a use-
ful premise on which to base future biochemical experi-
ments. The possibility of negative control for the CAR genes
contrasts with that observed for several other yeast genes
that appear to be regulated in a positive manner (15, 16). cis-
Dominant, constitutive mutants have been sought in many of
these systems, but in all cases the searches were fruitless. In
the case of several amino acid biosynthetic genes, Fink and
his colleagues have shown that the pertinent regulatory se-
quence is represented in multiple, closely spaced copies ad-
jacent to the 5' end of the genes (17, 18). Demonstration that
only one copy of these sequences was required for expres-
sion of the gene explained the failure to isolate cis-dominant
point mutations in these systems. In converse manner, the
isolation of cis-dominant CARJ-0- and CAR2-0- mutations
(2) indicates that the regulatory sequence of these genes is
present only once in their flanking sequences. In agreement
with this expectation, the sequence 5' T-A-G-C-C-G-C-C-G-
A 3' is present only once in each gene.
The postulation of negative regulation for CAR gene

expression is consistent with most but not all of the data
available. An inconsistency arises in the explanation of data
derived from the A99 fusion (plasmid pRS47) described in
Fig. 6. If the mutated control sequence in the CARJ-0-
strain is associated with a negative control process, then de-
letion of the sequence should produce the same phenotype
as a point mutation. In contrast to this expectation, deletion
of the sequences between positions -516 and -99 resulted
in total loss of expression. This observation raises the dis-
tinct possibility of positive control and predicts the existence
of a new class of recessive mutations that are epistatic to
mutations at car8O and result in a loss of ability to induce
CAR] and CAR2 gene expression. According to this model,
these mutations would reside in a gene that encodes a posi-
tive control element whose existence has heretofore escaped
identification. Moreover, if such an element exists, it is per-
tinent to ask whether the CAR80 gene product regulates in a
negative manner by inhibiting the function of the positively
acting element. Put in another way, do the sequences that
presumably interact with the CAR80 gene product overlap
with those that interact with the putative positively acting
regulatory element or, alternatively, do the regulatory ele-
ments interact with one another?
The fact that a single point mutation results in both consti-

tutive expression of CAR] and partial resistance to nitrogen-

catabolite repression argues that the target sites for these
two regulatory processes either overlap or otherwise interact
with one another. The observation also raises the alternative
possibility of interactions occurring between the regulatory
elements associated with induction and nitrogen-catabolite
repression.
The position and phenotype of the CARJ-0- mutation also

address the level at which CARl gene expression is regulat-
ed. We have demonstrated that the CAR-0- mutation dra-
matically alters arginase induction and its sensitivity to nitro-
gen-catabolite repression (7). The fact that the CAR-0- le-
sion has been shown to be a single point mutation situated
104 bp upstream from the start of CAR] mRNA synthesis
strongly suggests that both types of arginase regulation are
exerted at transcription. We also have shown that the 5' ter-
minus of CARl-specific mRNA is the same regardless of the
physiological or genetic state of the cells-i.e., the state of
induction or repression in wild-type or control mutant cells
(14). This observation eliminates the possibility of the mutat-
ed nucleotide being included in the transcript regardless of
cell genotype or growth conditions used. Although these
data do not prove that predominant regulation of the CAR)
gene occurs at the level of expression, they do provide sub-
stantial support for that hypothesis.

In a more general way, the observations presented here
demonstrate the value of analyzing the sequences of putative
eukaryotic control regions one base at a time. This approach
has been highly instrumental in elucidating the molecular
events associated with the control of prokaryotic gene
expression. The identification of a C-to-G transversion as
the molecular basis for the CARJ4Y mutation argues that
the approaches applied so successfully to prokaryotic sys-
tems are likely to be equally productive when applied to eu-
karyotic systems.
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