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The PUTI gene of Saccharomyces cerevisiae, believed to encode proline oxidase, has been completely
sequenced and contains an open reading frame capable of encoding a polypeptide of 476 amino acids in length.
The amino terminus of the protein deduced from the DNA sequence has a characteristic mitochondrial import
signal; two PUT1-lacZ gene fusions were constructed that produced mitochondrially localized B-galactosidase
in vivo. The transcription initiation and termination sites of the PUTI mRNA were determined. By using a
PUT1-lacZ gene fusion that makes a cytoplasmic B-galactosidase, the regulation of the PUT1 gene was studied.
PUT]1 is inducible by proline, responds only slightly to carbon catabolite repression, and is not regulated by the
cytochrome activator proteins HAP1 and HAP2. The PUT! gene is under oxygen regulation; expression in
anaerobically grown cells is 10-fold lower than in aerobically grown cells. Oxygen regulation is abolished when
cells are respiratory deficient. PUT1 expression in a [rho~] strain grown either aerobically or anaerobically is
as high as that seen in a [rho*] strain grown aerobically. Studies on PUTI promoter deletions define a region
between positions —458 and —293 from the translation initiation site that is important for full expression of the

PUT1 gene and required for oxygen regulation.

The conversion of proline to glutamate to provide Sac-
charomyces cerevisiae cells with a source of nitrogen takes
place within mitochondria by the sequential action of two
enzymes, proline oxidase and Al-pyrroline-5-carboxylate
(PSC) dehydrogenase. The enzymes are encoded by nuclear
genes that are coregulated by proline induction and a control
element encoded by the PUT3 gene (6a, 8, 9). Mutations in
the PUTI or PUT2 genes result in deficiencies in proline
oxidase or PSC dehydrogenase activities, respectively. Mu-
tations in the PUT3 gene result in either constitutive (9) or
noninducible (6a) expression of these enzymes.

Previous work from this laboratory has focused on the
regulation, DNA sequence, and subcellular localization of
the second enzyme of the proline utilization pathway, PSC
dehydrogenase, the product of the PUT2 gene (6, 22). This
enzyme is synthesized in the cytoplasm and imported into
the matrix compartment of the mitochondria (7, 11). During
the import process, a signal sequence of approximately 2
kilodaltons in length is removed from the amino terminus of
the protein (J. Kaput and M. C. Brandriss, unpublished
results).

In this report, we present studies on the regulation,
sequence, and subcellular localization of the PUTI gene
product. Although definitive proof is still lacking, there is
mounting evidence that PUTI is the structural gene for
proline oxidase, the first enzyme in the proline utilization
pathway. putl mutants are defective in proline oxidase
activity, and putl/+ heterozygotes show a gene dosage
effect for enzyme activity (8, 9). The PUTI message is
constitutively expressed in a strain carrying a regulatory
mutation that causes constitutive proline oxidase activity
(38). In an in vitro assay, the PUTI gene product is imported
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into yeast mitochondria and processed to its mature form
(J. Kaput, S.-S. Wang, and M. C. Brandriss, unpublished
results).

Proline oxidase has been studied in mammals, plants,
fungi, and bacteria (3, 8, 12, 27). It is a mitochondrial or
procaryotic plasma membrane-associated enzyme that re-
quires a functional electron transport chain and aerobiosis
for its activity. In S. cerevisiae, proline oxidase increases
approximately 30-fold when proline is substituted for ammo-
nia as the nitrogen source. Respiratory-deficient yeast
strains contain inactive proline oxidase because of a non-
functional electron transport chain, but in vitro activity can
be detected if artificial electron acceptors are included in the
assay (S.-S. Wang and M. C. Brandriss, unpublished re-
sults).

Because of the dependence of proline oxidase activity on
respiration and aerobiosis, we were interested in extending
our studies of the regulation of this enzyme to examine
factors that affect the electron transport chain. With the
cloned gene and the use of PUTI-lacZ gene fusions, we have
tested and now report the effects of respiratory deficiency,
carbon catabolite repression, anaerobiosis, and mutations in
the cytochrome regulatory elements HAPI and HAP2 on
PUTI gene expression. In addition, we present the DNA
sequence of the gene, its transcription initiation and termi-
nation sites, an analysis of the deduced amino acid sequence
of the protein, and the mitochondrial localization of the gene
product.

MATERIALS AND METHODS

Strains and media. Strains of S. cerevisiae used in this
study are shown in Table 1. Strain C1500 is a respiratory-
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TABLE 1. Strains used in this study

Species and
strain

Genotype

Reference or source

S. cerevisiae

MB1000 MATo wild type 3 1278b; J.-M. Wiame; (8)
MB1433 MATo trpl ura3-52 (6)
C1500 MATa trpl ura3-52 [rho™) This study
LGW1 MATa adel-100 his4-519 leu2-3,112 ura3-52 hap2-1 J. L. Pinkham
C70-1B MATa his4-519 ura3-52 HAP2 This study
C70-10A MATa his4-519 ura3-52 hap2 This study
BWG1-7A MATa his4-519 leu2-3,112 ura3-52 adel-100 K. Pfeifer
WB32 MATa his4-519 leu2-3,112 ura3-52 adel-100 hapl-1 K. Pfeifer

E. coli
HB101 F~ hsdS20 (rg~ mp™) recAl3 ara-14 proA2 lacYI galK2 )

rpsL20 (Sm") xyl-5 mtl-1 supE44 N~

JM101 A(lac-pro) supE thi (F' traD36 lacl® lacZ AM15) (39)

deficient derivative [rho~] of strain MB1433 induced by
ethidium bromide. Diploid C70 was constructed by crossing
strain MB1433 to strain LGW1 (kindly provided by J. L.
Pinkham). Strains C70-1B and C70-10A are meiotic products
of diploid C70. Isogenic strains BWG1-7A and WB32 were
kindly provided by K. Pfeifer. Media used for cell growth
were described previously (8). Glucose (2%), galactose
(0.5%), or raffinose (2%) was used as a carbon source.
Nitrogen sources were either ammonium sulfate (0.2%,
noninducing medium), ammonium plus proline (0.1%, par-
tially inducing medium), or proline alone (fully inducing
medium).

Genetic analysis. Mating, sporulation, and tetrad analysis
were carried out by standard procedures (37).

Reagents. Restriction endonucleases and T4 polynucleo-
tide kinase were purchased from New England BioLabs,
Inc. or Boehringer Mannheim Biochemicals and were used
in accordance with the instructions of the manufacturers.
Avian myeloblastosis virus reverse transcriptase was pur-
chased from Life Sciences, Inc. Calf intestinal phosphatase
was purchased from Sigma Chemical Co. S1 nuclease was
obtained from Miles Laboratories, Inc. Radionucleotides
were purchased from Amersham Corp. Oligodeoxythy-
midylic acid-cellulose was obtained from Collaborative Re-
search, Inc.

RNA and DNA preparation and DNA transformation of
Escherichia coli and S. cerevisiae. Methods for RNA and
DNA preparation and DNA transformation of E. coli and S.
cerevisiae have been described previously (38).

DNA sequencing. Restriction fragments of a 3-kilobase
(kb) Kpnl fragment carrying the PUTI gene were cloned into
M13 vectors mpl8 and mpl9 (39). The sequencing was
carried out by the dideoxynucleotide chain termination
method of Sanger et al. (35). The primer used was comple-
mentary to 17 base pairs (bp) at a region 40 nucleotides from
the polylinker.

mRNA mapping. The precise location of the 5’ end of the
PUTI mRNA was determined by using the primer extension
technique (24) in conjunction with dideoxy sequencing. The
poly(A)* RNAs were prepared from wild-type strain
MB1000 grown in an inducing (0.1% proline) medium. The
3-kb Kpnl DNA fragment from plasmid pWB8 was cloned
into bacteriophage mpl8, and the single-stranded template
(corresponding to the mRNA strand) was used for the
sequencing ladders. The 62-bp Mspl-Avall fragment (see
Fig. 4A) was dephosphorylated with calf intestinal phos-
phatase, and the 5’ end of this fragment was labeled with

[y->*P]ATP by using T4 polynucleotide kinase. The labeled
DNA was first hedt-denatured for 10 min and then hybrid-
ized with or without 5 pug of poly(A)* RNA at 85°C for
another 10 min. The DNA-RNA mixture was transferred to
a 50°C bath and incubated for 15 to 18 h. The DNA was
extended along the hybridized RNA with reverse transcrip-
tase, and the resulting product was subjected to electropho-
resis on a sequencing gel. Sequencing reactions, with the
same primer and the 3-kb DNA template, were carried out
and electrophoresed on the same gel.

The 3’ end of the PUTI transcript was mapped by the S1
mapping technique of Berk and Sharp (2). A 500-bp Bglll-
Kpnl fragment (see Fig. 4B) was prepared and was 3’ end
labeled by filling in the BglII restriction site with reverse
transcriptase (25). The labeled DNA was mixed with or
without 5 pg of poly(A)* RNA and placed at 70°C for 10 min.
The mixture was immediately transferred to a 48°C bath for
15 to 18 h. The hybrids were then digested with S1 nuclease
at an empirically determined nuclease concentration (0.9
U/ul) and digestion temperature (45°C). The protected la-
beled DNA was resolved on a sequencing gel together with
the sequencing ladder by using a 59-bp BglII-Stul DNA
fragment as the primer and the single-stranded 3-kb Kpnl
DNA as the template (see Fig. 4B).

Construction of the PUTI-lacZ fusions. Three in-frame
PUTI-lacZ fusion plasmids that contain the 1-kb upstream
region and the initial 25, 128, or 455 codons of the PUTI
open reading frame, fused to the coding region of the lacZ
gene, were constructed by ligation of convenient restriction
fragments. The number following lacZ indicates the number
of codons of the PUTI gene contained in the gene fusion.

To construct the PUTI-lacZ25 plasmid, a Clal-Pst1 PUTI
DNA fragment was isolated from plasmid pWB8 (38) and
cloned into M13 vector mp18 digested with Accl and PstI to
generate clone AP18 (see Fig. 1). Clone AP18 was digested
with endonuclease Avall (at codon 25 of PUTI), and the
ends were filled in by using reverse transcriptase, followed
by digestion with EcoRI. Plasmid E356 (kindly provided by
A. Myers [30]) is a 2-pm lacZ expression vector with a
polylinker site located in front of the lacZ gene. To construct
an in-frame PUTI-lacZ fusion, vector E356 was digested
with Sall and the ends were filled in, and it was then digested
with EcoRI. The EcoRI-Avall DNA fragment from clone
AP18 was ligated to the EcoRI-Sall E356 vector to form
plasmid pWB35.

To construct a CEN plasmid carrying the PUTI-lacZ
fusion, plasmid pWB35 was digested with EcoRI and Stul
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FIG. 1. DNA sequencing strategy for the PUTI gene. A restriction map of the 2.9-kb Clal-Kpnl fragment of plasmid pWB8 is shown.
Symbols: > and <, length and direction of sequences determined from M13 clones; =smm , open reading frame of the PUT! polypeptide with
amino (N) and carboxy (C) termini indicated; », position and direction of the PUTI mRNA. Clone AP18 contains the Clal-Pst] PUTI DNA
fragment in the phage vector M13mp18. Plasmids pWB36, pWB38, and pWB40 are PUTI-lacZ fusion plasmids with various lengths of the
PUTI upstream sequence ligated to the Avall site at codon 25 of the PUTI open reading frame (see Materials and Methods). Abbreviations:
A, Avall; B, Bglll. C, Clal; F, Fnud4HI; H. Hindlll; K, Kpnl: M, Mspl: P, Pstl; P1. Pvul: PII, Pvull; R, EcoRV; S, Sau3A: St, Stul; T, Tagl;
X, Xhol. Additional Fnud4HI and Sau3A sites are not shown in this map.

and a 4.8-kb DNA fragment containing the in-frame PUTI-
lacZ25 gene fusion was isolated and ligated to plasmid
YCp50 digested with EcoRIl and Nrul, forming plasmid
pWB36 (Fig. 1). The junctions of the PUTI-lacZ25 gene
fusion were confirmed by DNA sequencing.

Fusion plasmids PUTI-lacZ128 and PUTI-lacZ455 were
constructed and placed in plasmid YCp50 in a similar two-
step procedure as described above, except PUTI-lacZ128
was constructed by using a Pstl site at codon 128 and
PUTI-lacZ455 was constructed by using a BgllIl site at
codon 455 in the open reading frame of the PUT! gene.

Deletion formation in the PUT1 upstream region. A 539-bp
Sau3A-Pstl fragment from plasmid pWB35 that carried
promoter sequence —458 to —1 and DNA through codon 25
of PUTI was ligated back to plasmid pWB3S5 cut with
BamHI and Pstl. This plasmid, pWB37, was deleted for the
upstream promoter sequence —1010 to —458. This PUTI-
lacZ25 DNA was moved to the CEN plasmid YCp50 by the
methods described above, and the resulting plasmid was
called pWB38 (Fig. 1).

A 374-bp Mspl-Pstl fragment from plasmid pWB3S5 that
carried promoter sequence —293 to —1 and DNA through
codon 25 of PUTI was isolated, and the Mspl end was
blunted with reverse transcriptase. This fragment was li-
gated back to plasmid pWB35 cut with Smal and Pstl to
form plasmid pWB39. The CEN plasmid carrying the PUTI-
lacZ25 gene fusion with this promoter deletion (—1010 to
—294) was called pWB40 (Fig. 1).

Growth of S. cerevisiae for enzyme assays and preparation
of cell extracts. The methods for growth of aerobic cultures
have been described (7).

For anaerobic growth, cells were inoculated lightly (5 x
103 cells per ml) into media containing 2% glucose and 0.2%
ammonium sulfate or ammonium sulfate plus 0.1% proline,
supplemented with ergosterol (20 pg/ml), Tween 80 (0.2%),
and amino acids, as required. Cells were grown anaerobi-
cally for 10 to 12 generations (about 4 days) in flasks packed
into a sealed jar containing a GasPak Anaerobic System
(BBL Microbiology Systems). The cells were harvested in
mid-log phase at a density of 2 x 107 cells per ml. To
compare the B-galactosidase activities of aerobically grown
cells to anaerobically grown cells, the media for aerobic

growth were also supplemented with ergosterol and Tween
80. Methods for preparation of extracts have been described
).

Cellular fractionation and enzyme assays. Yeast cells were
fractionated into cytosolic and crude mitochondrial fractions
by the method of Daum et al. (14). Briefly, yeast cells were
grown in a medium containing 0.5% galactose, 0.1% ammo-
nia, 0.1% proline, and tryptophan (20 mg/liter) and harvested
late in logarithmic phase. Spheroplasts were prepared and
then lysed with a Dounce homogenizer. The cell lysate was
centrifuged at 1,500 X g for S min (E. 1. DuPont De Nemours
& Co., Inc.). The supernatant was collected and subjected to
further centrifugation at 10,000 x g for 10 min. The super-
natant from this high-speed centrifugation contained the
cytosolic components, and the pellet contained most of the
mitochondria.

The activities of the enzymes glucose-6-phosphate dehy-
drogenase (13), cytochrome ¢ oxidase (26), fumarase (34),
and B-galactosidase (29) in each fraction were determined as
described. Protein concentration was determined by the
method of Bradford (5) with crystalline bovine serum albu-
min as the standard.

RESULTS

Nucleotide sequence of the PUTI gene. We previously
reported the cloning and characterization of the PUTI gene
of §. cerevisiae carried on a 3-kb Kpnl restriction fragment
in plasmid pWB8 (38). To determine the deduced amino acid
sequence of the PUTI gene product and compare the up-
stream regulatory sequence to that of the coregulated PUT2
gene, we sequenced the entire 3-kb PUTI DNA. The se-
quencing strategy is outlined in Fig. 1. The sequence of 2,881
nucleotides containing the PUT/ gene and its 5 and 3’
flanking regions is shown in Fig. 2.

The sequence analysis revealed a long open reading frame
from nucleotides +1 to +1428. The first ATG is surrounded
by purines at positions —3 (G) and +4 (A), bases that were
proposed to play a role in translation (21). A TATATAAA
sequence is located at position —118 with respect to the
initiation of translation of the open reading frame.

Analysis of the 440-bp DNA downstream of the PUTI
reading frame indicates that it possesses an A+T content of
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-1020 -1010

A TCGATTATGA
—920 Clal_g;g

-1000 -990 -980 -970 -960 -950 -940 -930
AAGCTGGAAA CGCAGGTGGG TGGCCATCTA CTCGCACAGC CGTATCGCGG AGATAAGACC CTTGCCCCGC CACGCGCTGC CGTATCGCGC ACGACGCAGA
-900 -890 -880 -870 -860 -850 -840 -830 -820 -810
CTTTGGAGCG CTGCGTAAGT CGCTACACAC GTACATTGCT GTGGTGCACG GCCTTGCGGG TATGGCTTCC CGCAGCGTCA GGCCAGGGCG GCCGAATCTC
-800 -790 -780 -770 -760 =750 -740 -730 -720 -710
GAGGACACAA GTCGCTACCG ACGGTGGTAA CTCGCCGGCA AGTTGAGCGT GCACTATGCA CAGAAGCCCG ATCAGGTGAC CTACACGTGC TTCCAAGGCG
-700 -690 -680 -670 -660 -650 -640 -630 -620 -610
CATTGTTTTG ACACTGCGCA AATGGGAACT AGACTATCCG CGAGAGGGCA AACTGTTCCG CACCAAGGAG ATGGCACATC TGTTTCTACA AAGCCAGTTG
-600 -590 -580 -570 -560 -550 =540 -530 -520 -510
TCCAGACGGG ATGCGCCCCC AGTCCATCAA GACGAAAATC AQGAAAATCA %GAAAATCA%GAAAAMG AACAAGATAA CACTGCAAGT GAAGGTGAAA
-500 -490 -480 -470 -460 -450 -440 -430 -420 -410
GCGAGGCAGA AAGGGATGAA ATCGACGAAG CGGACTTGTT CCGATCAGCA TTACATGAAA ATCAGTTGCT AAAATGGTTA TCCAAATGAG ACACAATGCG

au
-400 -390 -380 -370 -360 -350 -340 -330 -320 -310
AAAAATCGCG CAGGGACATA ATTTTTGTTT TCATTATTCT TTCGCTTATT CCCTCCGTTA GCTCCACCGC TTTTTTGATT GGAATTTCCT TTCGGCAATG
-300 -290 -280 =270 -260 -250 -240 -230 -220 -210
GCTTTCCGGT TACCACGCCT CGGGTTTCGC ATCCCGAAAA GCATATCTAC ACAAGAAAAA TGAATGATAA ACAATTGATG AGTGGCGCTA TTTCCCTTAT
-200 MSpI -190 -180 -170 -160 -150 -140 -130 -120 -110
CATCTCATTA TTGTACTTAG TATCGTCTAT TATCAGGAGA AATCGCATGA ACTAAGCCCA TTTTCTCACC CTTCTGCCTT CYUTATATAAA|GCTTGCTGGG
-100 -90 -80 -70 -60 -50 -40 -30 -20 -10
AACCGAACAC AAACTCCACA AGTCCGTAGC AGCTCTTCTC TTTTGTCTTT TATATATCAT AAQCA’I?GC}' ACATAGTAAT AACACTAACG CACGCTAGAA
1 15 30 45 60 7 90
. . . . . MI .
ATG ATA GCT TCC AAA AGC TCC TTA TTA GTT ACT AAA TCG CGC ATA CCC TCT CTA TGC TTT CCT TTG ATA AAG AGG TCC TAT GTG TCA AAG
met ile ala ser lys ser ser leu leu val thr lys ser arg ile pro ser leu cys phe pro leu ile lys arg ser tyr val ser lys
1 5 10 15 20 25 3C
91 105 120 135 Mspl 150 165 180
ACT CCG ACA CAC TCT AAC ACG GCT GCT AAT CTG ATG GTT GAA ACT C GCC AAT CCG AAC GGC AAT AGT GTG ATG GCA CCT CCT AAC
thr pro thr his ser asn thr ala ala asn leu met val glu thr pro ala ala asn pro asn gly asn ser val met ala pro pro asn
31 35 40 45 50 55 60
181 195 210 225 240 255 270
'i‘CAATCAATT’I'TCTACAGACACT‘I‘CCCAA(:;AAGGAACTA’l‘TCCAACTGGGA'I'I‘CATCGG'i‘A'I'I‘GCGACCTTGAAéAGCTI‘CTTCCTGAAé
ser ile asn phe leu gln thr leu pro lys lys glu leu phe gln leu gly phe ile gly ile ala thr leu asn ser phe phe leu asn
61 65 70 75 80 85 90
271 285 300 315 330 345 360
I'\CG ATC ATT AAG 'I"I‘G TTC CCT TAC ATC CCé ATC CCA GTA ATA AAA TTC TTC GTC TCT TCT TTA TAC TGT GGC GG’i‘ GAG AAC TTT AAA GAé
thr ile ile lys leu phe pro tyr ile pro ile pro val ile lys phe phe val ser ser leu tyr cys gly gly glu asn phe lys glu
91 95 100 105 110 115 120
361 375 Pstl 390 405 420 435 450
GTC ATC GAA TGC GGC AAA CGT TTG CAG AAG AGA GGT ATA TCG AAC ATG ATG CTT TCA TTA ACT ATT GAA AAT TCC GAA GGT ACA AAG AGT
val ile glu cys gly lys arg leu gln lys arg gly ile ser asn met met leu ser leu thr ile glu asn ser glu gly thr lys ser
121 125 130 135 140 145 150
451 465 480 495 510 525 540
TTG TCC AGT ACT CCA GTA GAC CAA ATT GIC AAG GAA ACA ATC AGC TCT GTC CAC AAC ATC CTA CTG CCC AAT ATT ATT GGC CAG CTG GAA
leu ser ser thr pro val asp gln ile val 1lys glu thr ile ser ser val his asn ile leu leu pro asn ile ile gly gln leu glu
151 155 160 165 170 175 180
541 555 570 585 600 615 630
TCT AAG CCA ATC ACT GAC ATT GCT CCA GGT TAT ATC GCT CTA AAA CCC TCT GCT TTG GIC GAT AAC CCT CAC GAG GTT CTG TAC AAT TTC
ser lys pro ile thr asp ile ala pro gly tyr ile ala leu lys pro ser ala leu val asp asn pro his glu val leu tyr asn phe
181 185 190 195 200 205 210
631 645 660 675 690 705 720
AGT AAT CCC GCC TAC AAG GCT CAA AGG GAT CAG CTG ATC GAG AAC TGC TCT AAG ATT ACA AAA GAG ATT TTT GAA CTA AAT CAA TCT TTG
ser asn pro ala tyr lys ala gln arg asp gln leu ile glu asn cys ser lys ile thr lys glu ile phe glu leu asn gln ser leu
211 215 220 225 230 235 240
721 735 750 765 780 795 810
TTA AAG AAG TAC CCT GAA AGA AAG GCC CCA TTT ATG GTT TCC ACT ATT GAC GCT GAG AAG TAT GAT TTG CAG GAG AAT GGT GIT TAC GAA
leu lys lys tyr pro glu arg lys ala pro phe met val ser thr ile asp ala glu lys tyr asp leu gln glu asn gly val tyr glu
241 245 255 260 265 270
811 825 840 855 870 885 900
TTA CAG AGA ATC TTA TTT CAA AAA TIC AAT CCC ACT TCA TCT AAA CTG ATA TCA TGT GIC GGT ACT TGG CAG TTG TAC CTA AGG GAC TCT
leu gln arg ile leu phe gln lys phe asn pro thr ser ser lys leu ile ser cys val gly thr trp gln leu tyr leu arg asp ser
271 275 280 285 290 295 300
901 915 930 945 960 975 990
GGT GAC CAT ATT TTG CAC GAA TTG AAG CTG GCC CAA GAA AAC GGC TAT AAG CTT GGG CTG AAA CTG GIT CGT GGT GCT TAT ATT CAT TCT
gly asp his ile leu his glu leu lys leu ala gln glu asn gly tyr lys leu gly leu lys leu val arg gly ala tyr ile his ser
301 305 310 315 320 325 330
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991 1005 1020 1035
GAA AAA AAC CGT AAC CAA ATT ATC TTT GGC GAT AAA ACG GGC ACT
glu lys asn arg asn gln ile ile phe gly asp lys thr gly thr
331 335 340 345
1081 1095 1110 1125
ATC ATC AAT GGC GAG GAT TCT TAT TTT GGT CAC TTG GTT GTC GCC
ile ile asn gly glu asp ser tyr phe gly his leu val val ala
361 365 370 375
1171 1185 1200 1215
TCT ACC CAA GAC AAC TCT TAT GCC AAA TCG AAC ATT GTG TTG GGG
ser thr gln asp asn ser tyr ala lys ser asn ile val leu gly
391 395 400 405
1261 1275 1290 1305
AAC CAT GGC GCT AAA AAC ATA ATC AAG TAT GTC CCA TGG GGC CCA
asn his gly ala lys asn ile ile lys tyr val pro trp gly pro
421 425 430 435
1351 136 1380 1395
: 2*Bg111 . :
GGG GAT GCT GTG AGA TCT GAT AAT GGC TGG CCA TTA ATC AAG GCC
gly asp ala val arg ser asp asn gly trp pro leu ile lys ala
451 55 460 465
1440 1450 1460 1470 1480
GAGGACTAT AATATATACT CCAATTTCAA AGACAAACCA AAAAACCAAA
1540 1550 1580
ATATATAAGT AATGATAATA
1640 1650 1660 1670 1680
TTCTTCCTAT TGATTATGGG
1740 1750 1760 1770 1780
ATGCACAAGA AAGGTACTCA
1840 1850 1860 1870
TACACTCAGC CTTGTCTCTT TGTAAGGATT TTGGGGTACC
KpnI

1560 1570
ACACTAATAG TAAAGTAAAC GCACGGATAT CAAGAGTTAA TATACTTGAA CCACTTAAAT AACAATCTGT TGGTAAAGCT
*
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1050 1065 1080
GAC GAA AAT TAC GAT CGT ATC ATC ACT CAA GTT GTC AAT GAT TTA
asp glu asn tyr asp arg ile ile thr gln val val asn asp leu
350 355 360
1140 1155 1170
TCT CAT AAT TAC CAA TCC CAA ATG CTC GTT ACT AAT TTG CTA AAA
ser his asn tyr gln ser gln met leu val thr asn leu leu lys
380 385 390
1230 1245 1260
CAA TTA CTA GGT ATG GCA GAT AAT GTT ACC TAT GAC CTA ATT ACC
gln leu leu gly met ala asp asn val thr tyr asp leu ile thr
410 415 420
1320 1335 1350
CCA TTG GAA ACT AAA GAT TAT CTT TTG AGA AGA TTG CAA GAA AAC
pro leu glu thr lys asp tyr leu leu arg arg leu gln glu asn
440 445 450
1410 1425
. 7 stul
ATA GCA AAG TCG ATT CCA AAA AGA GTA GGC CTA TGA
ile ala lys ser ile pro lys arg val gly leu **x
470 475
1490 1500 1510 1520 1530
AGTATGCATA CATAATTCTG ATGTTCTAGT TATACATATT

1590 1600 1610 1620 1630

1690 1700 1710 1720 1730

TTCGAATAGT ACCAGATGTT TTGCCAATCC TAAATCGGTA GGAAAGTGGC TTGTCGTCGT CAGGCTTATT ATCAACTCTT

1790 1800 1810 1820 1830

TCTTCTATAA ACTACATAAG ACCTGAATCT AATCAAAGGG AGAAAGCGCA GAACATCAGA TTTAAAGCGG

FIG. 2. PUTI DNA and deduced amino acid sequences. The putative PUTI protein-coding region extends from nucleotides 1 to 1428. The
major transcription start sites and the termination site are indicated by open circles and an asterisk, respectively, under the sequence. The
TATA sequence is boxed, and the pyrimidine-rich region is underlined. The 9-bp tandem repeat is indicated by arrows under the sequence.

Specific restriction sites referred to in the text are indicated.

67% and multiple translational stop codons in all three
reading frames. No putative polyadenylation signal,
AATAAA (16), tripartite terminator (TAG...TAGT
... TTT),or TTTTTATA sequence (18, 40) was found in this
region.

An unusual 9-bp sequence, GAAAATCAA, perfectly re-
peated four times in tandem, was found to be located at
positions —567 to —532. Deletion analysis (see below) sug-
gested that the region containing this repeat was not required
for the expression and regulation of the PUTI gene.

Deduced amino acid sequence of the PUTI gene product.
The predicted sequence of the 476-amino acid polypeptide
encoded by the PUTI gene is also shown in Fig. 2. The
choice of the initiating methionine was substantiated by the
behavior of PUTI-lacZ gene fusions (see below). The pre-
dicted molecular weight of this protein was 53,418. The
amino terminus has features characteristic of mitochon-
drially imported proteins in that within the first 43 residues,
there are 7 positively charged amino acids, no negatively
charged residues, and 12 hydroxylated amino acids. Codon
usage analysis of the PUTI protein (data not shown) indi-
cates that there is very little codon bias, suggestive of a
moderately expressed gene (1, 20).

On the basis of the hydropathy analysis of the deduced
amino acid sequence (Fig. 3), the PUTI protein contains a
hydrophobic region from residues 75 to 112 that is long
enough to span a membrane (31).

Fine-structure mapping of the PUT! transcripts. The posi-
tions of the 5’ ends of the PUTI transcripts were mapped by

the primer extension method (24) as described in Materials
and Methods. The result of this 5'-end mapping is shown in
Fig. 4A. The major transcription initiation sites were located
at positions —31, —34, and —38 with respect to the transla-
tion initiation site. Several minor start sites occurred be-
tween positions —15 and —44.

The 3’ terminus of the PUT! mRNA was localized by the
S1 nuclease protection method as described in Materials and
Methods. As shown in Fig. 4B, there is a single termination
site on the PUTI DNA that corresponds to a location 141
nucleotides 3’ of the stop codon.

Subcellular location of the PUTI gene product. To deter-
mine the cellular location of the PUTI gene product, three
PUTI-lacZ fusion plasmids were constructed. These gene
fusions contained the entire PUTI promoter and the initial
25, 128, or 455 codons of the open reading frame fused to the
coding region of the lacZ gene and were placed on low-copy-
number (CEN) plasmids. The plasmids were introduced into
yeast strain MB1433, and the transformants were isolated
and analyzed. Strains harboring the PUTI-lacZ455 and the
PUTI-lacZ128 gene fusions grew poorly on a medium that
contained galactose, ammonia, and proline, with doubling
times of 10 and 5 h, respectively. The doubling time of the
strain carrying the shortest fusion PUTI-lacZ25 grown under
the same conditions was similar to that of the wild-type
strain lacking a gene fusion (2.5 h).

To determine the cellular location of these PUTI-lacZ
hybrid proteins, cell fractionation experiments were con-
ducted as described in Materials and Methods. Yeast cells
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carrying the fusion plasmids were grown on a partially
inducing (ammonium plus proline) medium until late in log
phase and fractionated into cytoplasmic and mitochondrial
fractions. The B-galactosidase activity in each fraction was
measured, and the distribution of the enzyme activity was
compared to that of marker enzymes. Glucose-6-phosphate
dehydrogenase served as a marker of the cytoplasmic frac-
tion, and cytochrome ¢ oxidase was used as a marker of the
mitochondrial fraction.

The activities and distribution of the enzymes found in
these fractions are shown in Table 2. Glucose-6-phosphate
dehydrogenase was found predominantly in the cytoplasmic
fraction, whereas cytochrome ¢ oxidase was found to be
associated with the mitochondria. The PUTI-lacZ128 and
PUTI-lacZ455 hybrid proteins behaved in a manner similar
to cytochrome ¢ oxidase with 94 and 90% of activities,
respectively, in the mitochondrial fraction. On the other
hand, the shortest PUTI-lacZ25 hybrid protein was found
predominantly in the cytoplasm and behaved identically to a
cytoplasmically localized CYClI-lacZ fusion protein (data
not shown).

Effectors of PUT1 gene expression. The regulation of PUTI
gene expression was studied by measuring the effects of

25 T e

>

] 000

-

[}
HHADB D AGD AL A AT A T A D B IO E) P> G = A >

I

]

PEREOABRBBOOOBOOO

-

1562

FIG. 4. Mapping of the 5’ and 3’ ends of the PUTI transcripts. (A) Primer extension analysis of the 5’ termini. The primer used was a 62-bp
Avall-Mspl fragment with a labeled 5’ end. The hybridization conditions were as described in Materials and Methods. The primer was
extended with reverse transcriptase, and the extended products (lanes 1 and 2) were resolved on an 8% acrylamide sequencing gel. RNA was
omitted in the reaction shown in lane 1. The sequence of the noncoding strand was determined (lanes G, A, T, and C) with the same 62-bp
fragment as the primer and is shown on the left. Symbols: ® and O, major and minor transcription starts, respectively. (B) S1 mapping of
the 3’ terminus of the PUTI mRNA. A 500-bp Bg/lI-Kpnl fragment was labeled at the 3’ end and used as the probe. Hybridization and S1
conditions were as described in Materials and Methods. Protected DNA fragments (lanes 3 and 4) were resolved on an 8% acrylamide
sequencing gel. Yeast poly(A)* RNA was omitted in the reaction shown in lane 4. By using the 59-bp BglII-Stul fragment as a primer, the
sequence of this region was determined (lanes G, A, T, and C) and is shown on the right. The filled-in circle represents the transcription
termination site. The band at the top of lanes 3 and 4 is the probe reannealed to itself.
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TABLE 2. Subcellular distribution of enzymes in
PUTI-lacZ strains

% Activity in:
Strain® Enzyme®
Cytosol Pellet
MB1433(PUTI-lacZ25) G6PDH 96 4
Cyt ¢ oxi 6 94
B-Gal 89 11
MB1433(PUTI-lacZ128) G6PDH 96 4
Cyt ¢ oxi 9 91
B-Gal 10 90
MBI1433(PUTI-lacZ455) G6PDH 96 4
Cyt ¢ oxi 7 93
B-Gal 6 94

“ The PUTI-lacZ455, PUTI-lacZI128, or PUTI-lacZ25 gene fusion was
carried on plasmid YCp50 in strain MB1433. The number that follows lacZ
indicates the number of PUTI codons in the gene fusion. Growth medium
contained 0.5% galactose, 0.2% ammonium sulfate, 0.1% proline, and
tryptophan (20 mg/liter).

b Abbreviations: G6PDH, glucose-6-phosphate dehydrogenase; Cyt ¢ oxi,
cytochrome c oxidase; B-Gal, B-galactosidase.

different environmental or cellular signals on the production
of a cytoplasmic B-galactosidase encoded by the PUTI-
lacZ25 gene fusion. This gene fusion contained approxi-
mately 1 kb of upstream sequences and was located on a
single-copy plasmid pWB36 (Fig. 1). In an attempt to local-
ize the sequences responsible for the different types of
regulation, two promoter deletions were made. Plasmid
pWB38 was derived from plasmid pWB36 by deleting about
0.5 kb of DNA 5’ of the Sau3A site. Plasmid pWB40 was also
derived from plasmid pWB36 and contained only about 300
bp upstream of the PUT! gene, 3' from the Mspl site (see
Fig. 1 and 2).

Because an intact respiratory chain is required for proline
utilization, we examined the PUTI gene for regulation by the
presence of oxygen, respiratory deficiency, carbon catabo-
lite repression and the cytochrome regulatory system.

(i) Regulation by oxygen. Strain MB1433 carrying each of
the three PUTI-lacZ plasmids, pWB36 (—1010 to —1 pro-
moter), pWB38 (—458 to —1 promoter), and pWB40 (—293 to
—1 promoter), or the control plasmid YCplZ containing a
CYCl-lacZ gene fusion, was grown in the presence or
absence of oxygen. Table 3 shows that the expression of
PUTI-lacZ with the complete promoter decreased approxi-
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mately 10-fold in the absence of oxygen compared with the
level found in the presence of oxygen. As expected, the
CYCl-lacZ control behaved in a similar manner, consistent
with the previous report that CYC/! gene expression is under
oxygen regulation (19).

The addition of proline to aerobically grown cells led to
the characteristic eightfold increéase in expression previously
seen with proline oxidase activity (8, 38). Addition of proline
to anaerobically grown cells also led to induction of PUTI-
lacZ expression to an even greater extent than under aerobic
conditions. From these data, we conclude that PUTI expres-
sion is oxygen regulated, as well as proline inducible, and the
two seem to be independent.

Expression of B-galactosidase from the plasmid carrying
the —458 to —1 promoter was comparable to the wild-type
promoter in the absence of proline and was still proline
inducible, both aerobically and anaerobically, although to
only 75% of the values of the wild-type promoter. This
deleted promoter lacks the unusual 9-bp tandem repeat,
which suggests that the repeat does not play an important
role in regulation by either oxygen or proline.

In contrast, the plasmid carrying the shortest promoter,
nucleotides —293 to —1, lost the response to oxygen; the
basal level (no proline added) of B-galactosidase activity
from anaerobically grown cells was the same as that from
aerobically grown cells, approximately sixfold lower than
the wild-type promoter. However, expression from this
plasmid was still proline inducible, increasing approximately
eightfold under aerobic conditions and fivefold under anaer-
obic conditions.

In cells grown aerobically on a medium containing proline
as the sole nitrogen source, PB-galactosidase activity in-
creased approximately 40-fold over uninduced levels for the
three plasmids (data not shown).

These results suggest that the sequences located between
positions —458 and —293 from the translation initiation site
are required for enhanced expression in the presence of
oxygen and also are important for maximum expression with
or without proline. There must be additional sequences that
contribute to proline induction closer to the initiation site
than the —293 position.

(ii) Respiratory deficiency. Vegetative petite strains of S.
cerevisiae that are genetically PUTI and PUT2 cannot utilize
proline as their sole nitrogen source because of lack of a

TABLE 3. Regulation of PUTI gene expression

Sp act, B-Gal®
Strain® Relevant u”s f{'::m 10, ~0, +0,/—-044
genotype selzluence"

—Pro +Pro ~Pro +Pro
MB1433(pWB36) [rho™] —1010to -1 444 3,492 43 1,064 10
MB1433(pWB38) [rho™] —458 to —1 421 2,307 48 724 9
MB1433(pWB40) [rho™) —-293 to -1 70 559 80 414 1
MB1433(YCplZ) [rho*] 28 ND 3 ND 9
C1500(pWB36) [rho™] -1010 to -1 496 5,930 456 4,310 1
BWG1-7A(pWB36) HAPI —-1010 to -1 920 3,904 NG NG
WB32(pWB36) hapl —1010 to -1 881 3,669 NG NG
C70-1B(pWB36) HAP2? —-1010 to -1 569 4,765 NG NG
C70-10A(pWB36) hap2 —-1010 to -1 728 3,265 NG NG

@ PUTI-lacZ fusion plasmids were introduced into various strains by transformation. Strain C1500 is an ethidium bromide-induced, respiratory-deficient
derivative of strain MB1433. Strains C70-1B and C70-10A are meiotic products of the diploid strain C70 described in Materials and Methods.

» Sequence position is related to the translational start site (+ 1) of the PUT/ gene.

< Units of specific activity for B-galactosidase (B-Gal) are nanomoles of o-nitrophenol formed per minute per milligram of ptotein. Each value represents the
average of two or more determinations. Abbreviations: +O., aerobic growth; —0-, anaerobic growth; —pro, without proline; +pro, with proline; ND, not
determined; NG, no growth. Growth conditions are described in Materials and Methods.

4 Ratio of levels of enzyme activity in aerobic conditions/levels of enzyme activity in anaerobic conditions in the absence of proline.
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functional electron transport chain. PSC dehydrogenase is
measurable in vitro from extracts of [rho~] strains, and
recent attempts to measure proline oxidase in vitro with
artificial electron acceptors in the assay have also been
successful (S.-S. Wang and M. C. Brandriss, unpublished
results).

We were interested in the effect of respiratory capacity on
induction by proline and on the regulation by oxygen. Table
3 shows that the level of B-galactosidase activity in the
respiratory-deficient strain C1500 carrying plasmid pWB36
under aerobic conditions was comparable to that in the
wild-type strain, and induction by proline was also similar to
that of the wild type. The hyperinduction by proline seen in
the respiratory-deficient strain is a phenomenon that has
been described previously (10).

In contrast, oxygen regulation was completely abolished
in the respiratory-deficient strain; aerobic levels of B-
galactosidase were similar to anaerobic levels. Proline induc-
tion, however, was still present.

(iii) Carbon catabolite repression. We compared the
expression of the wild-type PUTI-lacZ plasmid with that of
the CYCI-lacZ plasmid in strain 1433 grown aerobically with
2% glucose or 2% raffinose as the sole carbon source. The
relief of carbon catabolite repression had a small (threefold)
effect on the B-galactosidase levels measured from PUTI-
lacZ. (The specific activities of glucose and raffinose were
328 and 994, respectively). In contrast, the CYCI-lacZ gene
fusion (41) showed a 46-fold derepression. (Specific activi-
ties of glucose and raffinose were 18 and 823, respectively).

(iv) Cytochrome regulators HAP1 and HAP2. The HAPI
and HAP?2 genes have been shown to regulate the expression
of CYCI and other genes encoding respiratory functions (17,
33). As shown in Table 3, the level of B-galactosidase
activity measured in strain WB32(hap!) harboring the PUTI-
lacZ plasmid was comparable to that from strain BWG1-
TA(HAPI) carrying the same plasmid. Similar results were
found in strains carrying either HAP2 (strain C70-1B) or
hap2 (C70-10A). The absolute levels of B-galactosidase
activity cannot be directly compared to those of MB1433,
since these strains are not closely related. These results
indicate that the PUTI gene does not respond to the global
regulators of the cytochrome system.

DISCUSSION

The proline utilization pathway in S. cerevisiae was first
characterized by the study of mutations affecting the ability
of strains to use proline as the sole source of nitrogen (8).
The putl mutations result in deficiencies in proline oxidase
activity that show a gene dosage effect in heterozygotes (9).
The PUTI gene was cloned by functional complementation
of a putl mutant of S. cerevisiae (38). The cloned gene was
used to show that the increase in steady-state levels of
mRNA upon addition of proline correlated well with in-
creased expression of enzyme activity. The PUTI message
and PUTI-lacZ gene expression respond to the effects of
mutations in the PUT3 gene (6a, 38) in the same manner as
does proline oxidase activity (9). In this report, we demon-
strate that the PUT! gene product is a mitochondrially
imported protein. Although the definitive proof that the
PUTI gene encodes proline oxidase is still lacking, we are
confident that PUTI is the structural gene for this enzyme.

Proline oxidase carries out the first step in the conversion
of proline to glutamate. This enzyme was shown to be
associated with the inner mitochondrial membrane in rat
liver (12) and with the plasma membrane in E. coli (36) and
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Salmonella typhimurium (27). In S. cerevisiae, its require-
ment for a functional electron transport chain has previously
been demonstrated (8, 10, 28), as has the mitochondrial
location of the second enzyme in the pathway, Al-pyrroline-
S-carboxylate dehydrogenase (7, 11). The hydropathy plot
shown in Fig. 3 indicates that the PUTI gene product is not
an integral membrane protein but may have a membrane
anchor in residues 75 to 112. In our recent attempts to
measure proline oxidase activity, we have found that the
enzyme, like the PUTI-lacZ hybrid protein, fractionates
with mitochondria but is loosely associated (S.-S. Wang and
M. C. Brandriss, unpublished results). This finding is similar
to that reported by Menzel and Roth for the Salmonella
typhimurium enzyme (27). To date, no protein sequence data
on proline oxidase from any organism has been reported.

The lacZ gene fusions enabled us to demonstrate that the
125 amino-terminal residues of the PUTI gene product have
sufficient information to target B-galactosidase to mito-
chondria. The PUTI and PUT2 signal sequences do not
resemble each other in primary sequence but do share
characteristics common to mitochondrially imported pro-
teins, namely, a net positive charge and many hydroxylated
amino acids (22; for a review, see reference 15).

Analysis of the PUTI DNA sequence revealed a TATA
box at —118 from the initiation of translation and 72 bp
upstream from the major transcription start sites. The PUTI
transcription initiation sites occur in a cluster that spans
approximately eight nucleotides. This contrasts strikingly
with the PUT2 gene in which transcription begins at 12 to 14
different sites scattered over 50 bp (22). On the basis of
steady-state mRNA levels and B-galactosidase levels (mea-
sured from either PUTI-lacZ or PUT2-lacZ gene fusions),
the genes are expressed at about the same level in uninduc-
ing conditions but differ in their level of expression under
partially or fully inducing conditions. The induction ratio
(expression on proline as the nitrogen source/expression on
ammonia as the nitrogen source) for the PUTI gene is
approximately 50:1, while that of PUT2 is 10:1 to 15:1.

From the behavior of the promoter deletion mutations, it
appears that the region between —458 and —293 is important
for full expression of the PUTI gene under both noninducing
and inducing conditions. A preliminary comparison between
the PUTI and PUT2 upstream regions has indicated that
there are several homologous sequences present, and exper-
iments are in progress to determine which, if any, have
significance for the coregulation of these genes (A. H.
Siddiqui and M. C. Brandriss, unpublished results).

The same upstream sequence (—458 to —293) appears to
contain an element responsible for oxygen regulation. No
significant homology was found between sequences in this
region and the positive and negative elements involved in the
oxygen regulation of the yeast CYC7 gene (41). Although this
160-bp region is important for the full expression of the
PUTI gene, as well as for oxygen regulation, there must be
additional cis-acting elements independently controlling pro-
line induction of PUTI/ gene expression downstream of
position —293.

Of the environmental or cellular signals that we tested for
effect on proline utilization, only proline and oxygen ap-
peared to influence gene expression. In spite of the impor-
tance of a functional electron transport chain to the activity
of proline oxidase, PUTI did not respond to elements that
are known to affect the cytochrome system, such as carbon
catabolite repression, respiratory deficiency, and the HAP
proteins. The PUTI! gene resembles the CYCI (iso-1-
cytochrome ¢) gene in that it is transcribed in respiratory-
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deficient strains (32) and is also under oxygen regulation
(41). However, in the case of PUTI, heme apparently is not
involved in its regulation. It is possible that, like its coun-
terpart in the enteric bacteria (27), the S. cerevisiae proline
oxidase is a flavoprotein.

A surprising finding was that oxygen regulation was abol-
ished in a [rho~] strain grown anaerobically, i.e., the PUTI!
gene is expressed constitutively. Genetically speaking, we
could say that under anaerobic conditions, this petite regu-
lation is epistatic to oxygen regulation. A recent study by
Parikh et al. (32) concerns the existence of such petite
regulation. They demonstrated that the state of the mito-
chondrial genome could alter the expression of certain
nuclear genes in S. cerevisiae. Using aerobic growth condi-
tions, these workers reported that certain nuclear genes
were hyperexpressed in various mit~, [rho~], and [rho°]
strains, compared with their wild-type [rho™] parent. The
behavior of the PUTI gene under anaerobic conditions
resembles that seen by Parikh et al. in the [rho~] strain;
PUTI expression increased 10-fold compared to its [rho™]
parent. This effect is not seen under aerobic conditions,
perhaps because maximum gene expression has already
been achieved or because other regulatory phenomena exist
under aerobic conditions to obscure it.

Since the PUTI gene product requires a functional elec-
tron transport chain for its enzymatic activity, we find it
paradoxical that the PUTI gene appears to be expressed
under conditions in which some or all members of the
electron transport chain are nonfunctional. In respiratory-
deficient strains, in severely carbon-repressed conditions,
and in a hap2 mutant, PUTI (as measured by PUTI-lacZ
expression) is regulated at wild-type levels. Even under
anaerobic conditions, the PUTI gene product, although
reduced 10-fold, is measurable. The production of this
enzymatically inactive protein appears to be a waste of
cellular energy unless the enzyme serves another function.
At this time, we cannot rule out this intriguing possibility.
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