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Exogenous sterols do not permeate wild-type Saccharomyces cerevisiae in aerobic conditions. However,
mutant strain FKerg7, affected in lanosterol synthase, is a sterol auxotroph which is able to grow aerobically
in the presence of ergosterol. Viability of this strain depends on the presence of an additional mutation, aux30,
that leads to sterol permeability. Cells bearing the aux30 mutation fail to grow in standard yeast nitrogen base
medium containing pyridoxine but grow normally if pyridoxine is replaced by either pyridoxal or pyridoxamine.
These mutants are characterized by a lack in pyridoxine (pyridoxamine) phosphate oxidase [P(N/M)P oxidase]
(EC 1.4.3.5) activity. The pleiotropic phenotype induced by the aux30 mutation includes a strong perturbation
in amino acid biosynthesis. Strains bearing the aux30 mutation also display atypic fatty acid, sterol, and
cytochrome patterns. Transformation of an aux30 strain with a replicative vector carrying the wild-type PDX3
gene encoding P(N/M)P oxidase restored wild-type fatty acid, sterol, and cytochrome patterns and suppressed
exogenous sterol accumulation. It is proposed that sterol permeation of aux30 strains is mainly the conse-
quence of their leaky Hem2 character. The amino acid sequence of S. cerevisiae P(N/M)P oxidase inferred from
the nucleotide sequence of PDX3 shows a high percentage of homology with the corresponding enzymes from
Escherichia coli and Myxococcus xanthus. Several putative Gcn4p binding sequences are present in the PDX3
promoter region, leading to the assumption that transcription of this gene is under the general control of
nitrogen metabolism.

When grown anaerobically, wild-type Saccharomyces cerevi-
siae is unable to synthesize ergosterol but is able to take up
sterols from the culture medium (1). Conversely, aerobic yeast
cells do synthesize ergosterol but do not take up exogenous
sterols (51, 59). Sterol uptake by wild-type S. cerevisiae (36, 43,
51) is induced by heme deprivation (32, 54), and hemes are not
formed under anaerobic conditions (48, 49).
Ergosterol synthesis is an aerobic process that requires mo-

lecular oxygen and that is also dependent on heme. The first
O2-requiring step in sterol biosynthesis is the formation of
2,3-oxidosqualene, the direct precursor of lanosterol in yeasts
and animals (57). Heme-dependent enzymes are responsible
for the processing of the sterol nucleus, for demethylation
(14-demethylase [2] and 4,4-demethylases [3]), and probably
D22 desaturation (23). Heme is also involved in the regulation
A of ergosterol biosynthesis. Heme activates HMG coenzyme
reduction (35), and its effect is mediated through a complex
with Hap1p that enhances transcription of HMG1 (58); a com-
plex between heme and Hap1p was also shown to be involved
in the enhancement of transcription of ERG11, the gene en-
coding lanosterol 14-demethylase (61).
Sterol auxotrophic yeast mutants must take up sterols from

their surroundings and can grow in anaerobiosis in the pres-

ence of exogenous sterols. However, to grow aerobically, those
blocked in sterol biosynthesis downstream of farnesyl diphos-
phate formation require additional mutations that allow sterols
to permeate the cell (9). Certain of these mutations are known
to affect heme biosynthesis (18, 32). Other mutations allow
sterol permeation in a heme-competent background (33). One
of these is aux30, present in the lanosterol synthase (EC
5.4.99.7) mutant FKerg7, allowing the mutant to grow aerobi-
cally in the presence of ergosterol (27). Strains bearing the
aux30 mutation decompose hydrogen peroxide, and their as-
sociated phenotypes are not reversed by hemin. This article
shows that the properties of aux30 strains are the consequences
of a lack of pyridoxine (pyridoxamine) phosphate [P(N/M)P]
oxidase activity. Transformation of aux30 strains by a replica-
tive vector carrying a yeast gene encoding P(N/M)P oxidase
restores a wild-type phenotype. The sequencing of this gene
and the physiology of both mutant and transformed cells are
described below. We propose for this gene the designation
PDX3, since the designation pdx2 has been given to a locus
harboring a mutation leading to pyridoxine auxotrophy (40).

MATERIALS AND METHODS

Strains and culture conditions. The bacterial strains used to make the con-
structs were derivatives of Escherichia coli K-12 (Table 1). The yeast strains used
in this study (Table 2) are derived from S. cerevisiae FL100 (ATCC 28383),
haploid (a) mating type, and the isogenic strain FL200 (ATCC 32119), haploid
(a) mating type (26).
The complete YPD medium consisted of 1% yeast extract (Biokar), 1% pep-

tone pepsique de viande (Biokar), and 2% glucose. The minimal medium used
was yeast nitrogen base (YNB) (Difco). Synthetic minimal medium used for the
growth of aux30 strains contained (per liter) 8 ml of a salts solution (KH2PO4, 25
g; MgSO4, 12.5 g; NaCl, 2.5 g; CaCl2 2.5 g); 10 ml of a trace elements solution
(boric acid, 0.5 g; CuSO4, 40 mg; KI, 100 mg; FeCl3, 200 mg; MnSO4, 400 mg;
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gie, Université de Limoges, 123, Ave. Albert Thomas, 87060 Limoges
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Na2MoO4 200 mg; ZnSO4, 400 mg); 25 ml of 5% ammonium sulfate; 10 g of
glucose; 1 ml of a vitamin solution containing (per liter) biotin (20 mg), folic acid
(20 mg), inositol (20 g), niacin (4 g), calcium panthotenate (4 g), thiamine (4 g),
and 1-amino-4-benzoic acid (2 g); and 10 ml of a riboflavin solution (200 mg).
The three different B6 vitamers—pyridoxal (PL), pyridoxamine (PM), and pyr-
idoxine (PN)—were added at 1 mg/liter.
Biochemical methods. Sterol extraction and analysis were performed as de-

scribed previously (38). Crude D5-7 sterol contents of wild-type and aux30 strains
were measured on four independent cultures of each strain in YPD. Analyses of
sterols by high-performance liquid chromatography (HPLC) were conducted as
described by Xu et al. (63). Cholesterol uptake was assayed as described by Lewis
et al. (33). Fatty acids were extracted by diethylether from saponified yeast cells,
transformed into the corresponding methyl esters either by diazomethane (Al-
drich) or by the instant methanolic HCl method (Alltech), and analyzed by
gas-liquid chromatography. P(N/M)P oxidase was measured by a previously
described method (28). Protein contents of cell extracts were determined by
the Bradford procedure (7). Triphenyl tretrazolium chloride overlay was used
to test the respiration deficiency of aux30 strains, by the method of Ogur et al.
(46).
Characterization of molecules excreted by aux30 strains in minimal medium.

Cells harboring the aux30 mutation were grown in liquid YPD, transferred into
YNB (A700, 0.4), and incubated at 288C with shaking for 24 h. UV fluorescent
products that appeared in the culture medium were extracted with n-butanol and
purified by thin-layer chromatography on a silica gel (elution with tertamyl
alcohol–acetone–water–33% ammonia [40/40/15/5, vol/vol/vol/vol]). The main
component, extracted with diethyl ether, analyzed by thin-layer chromatography,
UV, and FTIR spectroscopy was identified with 2-aminobenzoic acid (anthranilic
acid). Indole was identified by thin-layer chromatography analysis and Erlich
reagent (dimethylaminobenzaldehyde). a-Keto acids were transformed into the
corresponding 2,4-dinitrophenylhydrazones. Pyruvic and oxalacetic acids were
tentatively identified by comparison with known standards. The pyruvic acid
content of the culture fluid was assayed photometrically (340 nm) by reduction
with NADH in the presence of lactate dehydrogenase.
DNA sequencing. DNA was sequenced either manually by the dideoxy chain

termination method (53) using the T7 DNA polymerase sequenase (U.S. Bio-
chemical Corporation) or automatically with an ALF sequencer (Pharmacia)
using the Pharmacia AutoRead kit. Plasmid DNA from E. coli was obtained by
the CTAB minipreparation procedure (11).
DNA techniques and plasmid constructions. The procedures for construction,

isolation, and analysis of plasmids and for transformation were based on those of
Sambrook et al. (52). In order to disrupt the PDX3 gene, an XhoI-SacII DNA
fragment containing the URA3 gene was subcloned into plasmid pAL1, in which

the 0.5-kb XhoI-SacII fragment (see Fig. 3) was removed. A ura3 strain was
transformed to Ura1 by the linearized construct. The resulting AL2 strain was
crossed with a ura3 strain; the resulting diploid was sporulated, and tetrads were
dissected.
Nucleotide and protein sequence accession numbers. The nucleotide sequence

data reported in this article were deposited in the EMBL, GenBank, and DDBJ
nucleotide sequence databases under the accession number X76992 SCPDX3.

RESULTS

Nature of the metabolic step affected in aux30 strains.
Strains containing the recessive aux30 mutation were obtained
as segregants from crosses between FKerg7 and the wild-type
strain. Cells carrying the aux30mutation are unable to grow on
standard YNB but grow on YPD. Supplementation of YNB
with amino acids or nucleic acid bases, either individually or in
combination, as well as addition of casein hydrolysate failed to
restore the growth of aux30 strains. In order to further char-
acterize the growth behavior and the physiology of aux30 mu-
tants, these cells were grown in liquid YPD medium and then
transferred into standard YNB as described in Materials and
Methods. Growth progressively slowed down and virtually
stopped at 24 h. After approximately two doublings of cellular
mass, the culture medium developed a strong blue fluores-
cence mainly due to the accumulation of anthranilic acid (see

FIG. 1. Biosynthesis of PLP from PN, PM, and PL. This scheme is based on
data presented in references 13 and 31. Phosphorylation of PN, PM, and PL is
believed to be catalyzed by a single enzyme, PN kinase (EC 2.7.1.35), and
P(N/M)P oxidase (EC 1.4.3.5) achieves the last step by oxidizing either PNP or
PMP. Amino acid transaminases, or a specific transaminase (56), can also trans-
form PMP into PLP.

TABLE 1. Bacterial strains and plasmids used in this study

Strain or
plasmid Genotype or phenotype Reference

Strains
DH5a supE44 hsdR17 recA1 endA1 gyrA96

thi-1 DlacU169 (f80 lacZDM15)
50

XL1-Blue supE44 hsdR17 recA1 endA1 gyrA46 thi
relA1 lac F9(proA1B1 lacIq

lacZDM15 Tn10)

8

Plasmids
pFL44L Yeast-E. coli replicative shuttle vector

(Ampr URA3)
6

pAL1 Yeast 3.7-kb insert cloned in pFL44L This study
pAL1K KpnI-BamHI 1.7-kb fragment of the

pAL1 insert cloned in pFL44L
This study

TABLE 2. S. cerevisiae strains used in this study

Strain Genotype or description Reference

FL100a MATa 26
FL200a MATa 26
FKaux30 MATa aux30 27
6034 MATa aux30 ura3 This study
AL2 MATa ura3 pdx3::URA3 This study
AL17 Diploid obtained by crossing AL2 and 6034 This study
AL18 MATa/MATa ura3/ura3 PDX3/pdx3::URA3 This study
AL114 MATa aux30 ura3 (pAL1K) This study

aWild type.

TABLE 3. P(N/M)P oxidase specific activity in S. cerevisiae

Strain Sp acta

FL100 ................................................................................................. 0.26
FKaux30 ............................................................................................. ND
6034b................................................................................................... ND
AL114c ............................................................................................... 1.72
a Nanomoles of PLP-Tris-imine formed per milligram of protein in 1 h. ND,

not detectable.
b aux30.
c aux30 (pAL1K).
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Materials and Methods); unidentified fluorescent compounds
were also detected in the culture medium, along with indole
and a-keto acids, mainly pyruvic and oxalacetic acids. These
compounds were not detected in cultures of wild-type cells
treated in the same way. The slowing down of the growth of
aux30 mutant strains was evidently accompanied by a pertur-
bation of the synthesis of amino acids, probably at the level of
transamination steps.
Since anthranilic acid and indole were also detected in cul-

ture supernatants, our rationale focused on tryptophan biosyn-
thesis. Tryptophan synthase activity requires pyridoxal phos-
phate (PLP). In the absence of its coenzyme, this enzyme splits
indole glycerol phosphate into indole and glyceraldehyde phos-
phate (GAP) (16, 37):

PLP
indoleglycerolphosphate 1 serine ™™™™3 tryptophan 1 GAP

no PLP
indoleglycerolphosphate ™™™™™3 indole 1 GAP

Impairment of tryptophan biosynthesis would lead to a loss of
feedback inhibition of anthranilate synthase by tryptophan and
to the accumulation of anthranilic acid (15). Since a single
mutational event was the cause of this pleiotropic phenotype,
we supposed that the aux30 mutation might in some way affect
the cellular pool of PLP.
Growth of aux30 strains on solid YPD medium was strongly

inhibited by 1022 M hydrazine or isoniazid, whereas the
growth of wild-type strains was little affected by these carbonyl
reagents in the same conditions. That aux30 mutation actually

affects the synthesis of PLP was further implied by the fact that
aux30 strains failed to grow on a PN-supplemented synthetic
medium but grew normally with PM or PL. It is generally
assumed that only one kinase is responsible for the phosphor-
ylation of all the three vitamers and that one oxidase, namely,
P(N/M)P oxidase is able to oxidize either PNP or PMP into
PLP (Fig. 1) (31). If this scheme also applies to S. cerevisiae,
the step affected in aux30 strains might be the oxidase, and
assay of P(N/M)P oxidase revealed in fact that this activity was
absent, or undetectable, in these strains (Table 3). According
to its known catalytic properties (60), P(N/M)P oxidase trans-
forms PMP into PLP, so its absence might have been expected
to also prevent use of PM as supplement. However, as indi-
cated in Fig. 1, PLP could be obtained as a by-product of
amino acid transaminases (13), or PMP might also be con-
verted into PLP by a specific transaminase, as in clostridia (56).
Cloning the PDX3 gene. Strain 6034 (MATa aux30 ura3) was

transformed by a yeast genomic library constructed in pFL44L
(6). A clone growing on YNB was isolated and was shown to
harbor a plasmid (pAL1) carrying a 3.7-kb insert. Reduction of
this insert by KpnI to 1.7 kb (plasmid pAL1K) was obtained
without change of the phenotype. As shown in Table 3, P(N/
M)P oxidase was not detectable in aux30 strains whereas spe-
cific activity in strain AL114 [6034(pAL1K)] was 6.7 times
higher than that in wild-type strains. Further study of aux30
strains harboring plasmid pAL1K showed that transformation
of mutants led to the reversal of the pleiotropic traits of the
mutated strains.
Lipid and cytochrome patterns and sterol uptake in aux30

and aux30 (pAL1K) cells. Lipid patterns of FKaux30 are dif-

TABLE 4. Fatty acid composition of S. cerevisiae strainsa

Strain
% of total fatty acidsb % Saturated

fatty acids14:0 16:0 16:1 18:0 18:1

FL100 2.3 6 0.7 21.6 6 4.0 55.3 6 9.5 1.5 6 0.7 19.3 6 0.7 25.4
FL200 2.6 6 0.4 22.4 6 0.7 52.9 6 1.3 2.9 6 0.9 19.2 6 1.8 27.9
FKaux30 4.8 6 0.4 35.2 6 3.2 42.7 6 2.3 2.8 6 0.7 15.3 6 1.6 42.8
6034c

Without PL 5.9 6 2.0 34.2 6 3.7 37.5 6 1.9 2.8 6 0.2 19.1 6 2.8 42.9
With PLd 2.0 6 0.7 24.0 6 2.5 51.0 6 1.5 1.2 6 0.6 22.8 6 3.0 26.2

AL114e 1.8 6 0.5 17.2 6 0.9 55.8 6 1.3 2.9 6 0.2 22.3 6 0.2 21.9

a Grown in YPD to 1 to 3 units of optical density at 700 nm. Fatty acids were extracted and analyzed as described in Materials and Methods.
b The data are means for three independent experiments.
c aux30.
d One milligram of PL per liter of YPD.
e aux30 (pAL1K).

TABLE 5. Comparison of sterol and squalene distributions in S. cerevisiae strainsa

Strain
%b

Ergosterol D5-7 Ergostadienol Zymosterol Fecosterol Lanosterol Squalene

FL100 58.9 6 1.2 22.2 6 1.1 12.7 6 0.9 2.3 6 2.3 5.6 6 0.6 1.3 6 1.1
FL200 55.7 6 3.2 24.0 6 1.8 12.3 6 0.4 Trace 6.5 6 2.0 Trace
FKaux30 14.6 6 0.7 42.3 6 2.6 3.9 6 2.7 10.5 6 0.4 28.8 6 1.9 10.7 6 5.8
6034c

Without PL 26.9 6 1.4 41.4 6 4.0 9.6 6 0.12 6.4 6 0.4 13.5 6 2.4 2.2 6 0.5
With PLd 50.9 6 3.4 19.2 6 2.0 16.7 6 2.3 4.4 6 1.3 7.4 6 2.0 1.4 6 1.1

AL114e 49.1 6 6.3 11.6 6 2.1 15.4 6 0.2 3.1 6 0.7 14.4 6 4.9 6.9 6 4.0

a Grown in YPD to 2 to 6 units of optical density at 700 nm. Sterols were extracted and analyzed as described in Materials and Methods.
b Of total area after integration of gas-liquid chromatography peaks. The data are means for three independent experiments.
c aux30.
d One milligram of PL per liter of YPD.
e aux30 (pAL1K).
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ferent from those of the wild type with respect to fatty acid and
sterol composition. Analysis of tetrads from the cross FKaux30
3 FL100 showed that the modified patterns cosegregate with
the other phenotypic traits related to the aux30mutation. Fatty
acid composition of aux30 strains is characterized by a high
percentage of saturated fatty acids, mostly due to a decrease in
C16:1 content and an increase in C16:0 content (Table 4). Strain
AL114, which harbors pAL1K plasmid, displays the wild-type
distribution of fatty acids.
Sterol patterns of aux30 strains also differed from those of

the wild type in several ways. Crude D5-7 sterol content esti-
mated by UV spectroscopy was 0.71% 6 0.05% (grams of
sterol per 100 g [dry weight]) in wild-type strains, but 0.42% 6
0.05% was detected in strains carrying the aux30 mutation.
Analysis of D5-7 sterols by HPLC (data not shown) and
gas-liquid chromatography (Table 5) showed that the ergo-
sterol/D5-7 ergostadienol ratio, which is roughly 2.5 in wild-type
cells, is reduced to 0.4 in FKaux30; in addition, the aux30

mutation increased the proportion of lanosterol (Table 5). The
modifications in aux30 strains were reversed by the pAL1K
plasmid since the transformed strain AL114 behaved essen-
tially like the wild-type strains.
The various modifications of lipid patterns in aux30 strains

might be the consequences of a low level in heme-dependent
enzyme activities. For instance, fatty acid desaturation is car-
ried out by a cytochrome b5-containing enzyme complex (5),
lanosterol demethylase is the main cytochrome P450 in S.
cerevisiae (25), and D22-23 desaturation of the side chain of
ergosterol is also believed to be effected by a heme-dependent
enzyme (22, 23). Furthermore, according to the triphenyl tet-
razolium chloride overlay method, it appeared that aux30 cells
have a low respiration rate compared with wild-type cells or
strain AL114 (aux30 [pAL1K]). Figure 2 shows that the aux30
cells have a low content of cytochrome restored to the wild-
type level by pAL1K. Cholesterol uptake experiments (Table
6) showed that aux30 mutants accumulated 10 times more
cholesterol than wild-type strains and that plasmid pAL1K
restored wild-type uptake. Analogous experiments with the
aux30 strains grown in reconstituted YNB containing either PL
or PM gave the same results as the wild-type strain: no signif-

FIG. 2. Low-temperature visible spectra of wild-type and aux30 yeast cells. Cells were grown for 48 h on YPD medium. Spectra were determined at 21968C by the
method of Labbe and Chaix (29). Absorption maxima of a, b, and g bands of respiratory cytochromes are indicated. An unidentified absorption band (lm 5 502 nm)
appeared in AL114 cells.

FIG. 3. Restriction map of the 1.7-kbp insert of plasmid pAL1K and the
sequencing strategy for the cloned DNA fragments. The locations and orienta-
tions of the S. cerevisiae P(N/M)P oxidase gene PDX3 and the ODP1 gene are
indicated by thick arrows. The thin arrows indicate the directions of fragment
sequencing.

TABLE 6. Comparison of the rates of [14C]cholesterol
uptake in S. cerevisiae strains

Strain
[14C]cholesterol

incorporation (mg/mg
[dry wt])a

FL100 ........................................................................... 0.286 0.09
FL200 ........................................................................... 0.326 0.05
6034b

Without supplements ............................................. 3.35 6 0.03
With PLc .................................................................. 0.39 6 0.03
With d-ALAd ........................................................... 0.70 6 0.13

AL114e.......................................................................... 0.36 6 0.03
a The data are means 6 standard deviations for three independent experi-

ments.
b aux30.
c One milligram of PL per liter of YPD.
d One hundred milligrams of d-ALA per liter of culture medium.
e aux30 (pAL1K).
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icant accumulation of exogenous cholesterol (data not shown).
In YPD medium, sterol uptake abnormality and the altered
sterol and fatty acid patterns of aux30 strains all appear to be
merely consequences of a limitation in PLP, with addition of
PL (1 mg/liter) resulting in reversal of the mutant properties
(Tables 4 to 6).
Addition of d-aminolevulinic acid (d-ALA) to hem1 mu-

tants, deficient in d-ALA synthesis, complements the enzy-
matic defect and reverses the Hem2 phenotype (36, 54). Also,
sterol uptake by hem1 cells is reduced to a wild-type level in the
presence of d-ALA (54). However, addition of d-ALA to cul-
tures of aux30 strains only repressed cholesterol accumulation
by 80% (Table 6). This residual accumulation appeared to be
significant, since aux30 strains which are resistant to fenpropi-
morph, a sterol biosynthesis inhibitor, in the presence of er-
gosterol (since sterols are taken up [38]), were sensitive to the
inhibitor when transformed with plasmid pAL1K but remained
resistant when the growth medium was supplemented with 100
mg of d-ALA per ml (data not shown). These observations
evidenced that transformation of aux30 with a functional PDX3
gene totally reverses the mutant phenotype to the wild type but
that feeding d-ALA is not sufficient to completely suppress the
uptake properties. Therefore, heme deficiency is not sufficient
to explain the sterol uptake properties of aux30 mutants; un-
known metabolic modifications, unlinked to d-ALA and heme
synthesis, must therefore contribute to this property.
Characterization of PDX3 disruption. PDX3 was disrupted

as described in Materials and Methods. Strain AL2 (pdx3::
URA3) behaved as aux30 strains on YNB supplemented with
different B6 vitamers. Analysis of tetrads from AL18 showed
that the Aux30 phenotype segregated 2:2. Southern blot anal-
ysis of AL2 and of tetrads from AL18 showed that the pheno-
type associated with the aux30 mutation was linked to the
URA3 marker. AL2 (pdx3::URA3) was crossed with 6034
(aux30 ura3); the resulting AL17 diploid displayed the pheno-
type of aux30 strains. These results demonstrate that aux30 is
allelic to PDX3.
DNA sequence and analysis of PDX3. We determined the

DNA sequence of the insert carried by pAL1K on both DNA
strands by the strategy described in Materials and Methods
(Fig. 3). DNA sequence analysis delineated the genetic orga-
nization of PDX3 and adjacent loci. The insert contains a
684-bp open reading frame (Fig. 4) that encodes a potential
228-amino-acid polypeptide; this protein was identified as the
P(M/N)P oxidase on the basis of the physiological, biochemi-
cal, and genetic criteria. The calculated Mr of the resulting
polypeptide chain is 26,762, which is close to the value (27,000)
reported for a subunit of P(N/M)P oxidase from S. cerevisiae
(60). FASTA and TFASTA searches in the EMBL library (34)
revealed a remarkable homology between S. cerevisiae PDX3,
E. coli pdxH (31), and Myxococcus xanthus fprA (19) gene
products. Identities are about 41.6% between Pdx3p and
PdxHp, 39.5% between Pdx3p and FprAp, and 42.7% between
PdxHp and FprAp, over the entire lengths of encoded polypep-
tides.

DISCUSSION

The pleiotropic phenotype of aux30 strains is likely to be the
consequence of the shortage in PLP and of its effects on the

FIG. 4. Nucleotide sequence of the S. cerevisiae P(N/M)P oxidase gene PDX3
and the unknown-function ODP1 gene with their respective deduced amino acid
sequences. Tr, regulative TATA box; Tc, constitutive TATA box. Other typical
promoter sequences in this sequence are the GC box for transcription, putative
Gcn4p binding sites (4) involved in the general control of nitrogen metabolism,
putative Hap1p and Hap2/3p (47) binding sites controlled by oxygen and heme,
and poly(A z T) as a constitutive promoter. Terminaison, 39-end-forming signal.
The potential initiation methionine codon (ATG) in the PDX3 sequence
(AAAATGACTAAA) is flanked by nucleotides that satisfy the consensus se-
quences (A/Y)A(A/T)AATGTCT (10), (A/C)A(A/C)AATGTCT (20), and Ax

AxATGxxT (14), reported for optimizing initiation in S. cerevisiae. The beginning
of a second reading frame, ODP1, was found downstream from PDX3; the partial
encoded protein displays a high percentage of homology with identified se-
quences from Caenorhabditis elegans CE13E12 (62) and M80085 (39).
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numerous reactions depending on this coenzyme. These mu-
tants cannot grow in synthetic minimal medium unless PM or
PL, but not PN, satisfies the demand for vitamin B6. This
phenotype is similar to that of pdxH strains of E. coli deficient
in P(N/M)P oxidase (12, 13, 30). Yeast cells harboring the
aux30 mutation cannot synthesize certain amino acids and ex-
crete intermediates. All the observed metabolic effects of the
aux30 mutation are reversed after transformation with plasmid
pAL1K harboring the PDX3 gene. Similarly, aux30 strains be-
have as wild-type strains when grown in presence of PL or PM
in minimal medium. Another secondary mutation required for
sterol uptake, the aux32(Ts) mutation in strain FKerg9 is
known to cause a temperature-sensitive glycine auxotrophy
(27). The phenotype was found to be reversed by PM and PL
(but not PN), and aux32(Ts)/aux30 diploids remained
aux32(Ts) (data not shown). Thus, aux32(Ts) and aux30 likely
affect the same gene.
The phenotypic traits of aux30 strains in relation with lipids

are shared with yeast strains starved in PN and yeast leaky hem
mutants. A large decrease in palmitoleic acid content was
observed in Hanseniaspora valbiensis grown in a vitamin B6-
deficient medium (21). Vitamin B6 deficiency induced by thi-
amine in Saccharomyces uvarum 4228 led to a large modifica-
tion of the lipid pattern, including a dramatic reduction in
unsaturated fatty acid and sterol contents (41, 44, 45). More
precisely, the modification of the sterol pattern was character-
ized by a decrease in ergosterol associated with a large increase
in squalene, lanosterol, and D5-7 ergostadienol. Thiamine-in-
duced inhibition of PLP synthesis also provoked a dramatic
decrease in heme content in S. uvarum 4228 (42). All these
changes were also found in S. cerevisiae bearing the aux30
mutation. The heme dependency of fatty acid desaturase (5),
14-sterol demethylase (2), and D22 sterol desaturase (22, 23)
can thus account for the similar lipid patterns in PN-starved
yeast cells and aux30 mutants as well.
Sterol uptake by aux30 strains was found to be an unstable

property. While strains bearing the aux30 mutation display a
low respiration rate, metabolically suppressed cells displaying a
high respiration rate may appear and outnumber the former
cells after a small number of subcultures. The suppressed cells
always show the auxotrophy for PM or PL, characteristic of
aux30 strains, but display a wild-type phenotype with respect to
lipid patterns and sterol uptake. This genetic instability of
aux30 strains is radically different from the stability of FKerg7.
This difference can be understood because a low heme content
is a prerequisite for sterol uptake and viability of FKerg7. This
combination of mutations is well documented for erg7 mutants
harboring additional hem mutations (18, 32, 35).
Several sequences found upstream of ATG may indicate

that transcription of PDX3 is subjected to regulation. No fewer
than 10 putative Gcn4p binding sites (24, 55) can be found in
the promoter sequence (Fig. 4). The exact metabolic role of
these sequences in relation to PLP biosynthesis remains to be
elucidated. However, it can be assumed that the demand for
PLP is stronger when amino acid biosynthesis increases. Thus,
a Gcn4p-mediated activation of PDX3 transcription reasonably
fits the general control of amino acid synthesis (17).
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(Technische Hoschule, Zürich, Switzerland) for providing trp yeast
mutants and for helpful suggestions.

REFERENCES

1. Andreasen, A. A., and T. J. B. Stier. 1953. Anaerobic nutrition of Saccharo-
myces cerevisiae. 1. Ergosterol requirement for growth in a defined medium.
J. Cell. Comp. Physiol. 41:23–35.

2. Aoyama, Y., and Y. Yoshida. 1978. The 14 a-demethylation of lanosterol by
a reconstituted cytochrome P450 system from yeast microsomes. Biochem.
Biophys. Res. Commun. 85:28–34.

3. Aoyama, Y., Y. Yoshida, R. Sato, M. Susani, and H. Ruis. 1981. Involvement
of cytochrome b5 and a cyanide sensitive monooxygenase in the 4-demeth-
ylation of 4,4 dimethylzymosterol by yeast microsomes. Biochim. Biophys.
Acta 663:194–202.

4. Arnt, K., and G. R. Fink. 1986. GCN4 protein, a positive transcription factor
in yeast, binds general control promoters at all 59 TGACTC 39 sequences.
Proc. Natl. Acad. Sci. USA 83:8516–8520.

5. Bloomfield, D. K., and K. Bloch. 1960. The formation of D9-unsaturated fatty
acids. J. Biol. Chem. 235:337–344.

6. Bonneaud, N., O. Ozier-Kalogeropoulos, M. Labouesse, L. Minvielle-Sebas-
tia, and F. Lacroute. 1991. A family of low and high copy replicative, inte-
grative and single-stranded S. cerevisiae/E. coli shuttle vectors. Yeast 7:609–
615.

7. Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal. Biochem. 72:248–254.

8. Bullock, W. O., J. M. Fernandez, and J. M. Shore. 1987. XL1Blue: a high
efficiency plasmid transforming recA Escherichia coli strains with beta galac-
tosidase selection. BioTechniques 5:376–377.

9. Chambon, C., V. Ladeveze, M. Servouse, L. Blanchard, C. Javelot, B. Vla-
descu, and F. Karst. 1991. Sterol pathway in yeast. Identification and prop-
erties of mutant strains defective in mevalonate diphosphate decarboxylase
and farnesyl diphosphate synthetase. Lipids 26:633–636.

10. Cigan, A. M., and T. F. Donahue. 1987. Sequence and structural features
associated with translational initiator regions in yeast. Gene 59:1–18.

11. Del Sal, G., G. Manfioletti, and C. Schneider. 1989. The CTAB-DNA pre-
cipitation method: a common mini-scale preparation of template DNA from
phagemids, phages or plasmids suitable for sequencing. BioTechniques
7:514–519.

12. Dempsey, W. B. 1966. Synthesis of pyridoxine by a pyridoxal auxotroph of
Escherichia coli. J. Bacteriol. 92:333–337.

13. Dempsey, W. B. 1987. Synthesis of pyridoxal phosphate, p. 538–543. In F. C.
Neidhardt, J. L. Ingraham, K. B. Low, B. Magasanik, M. Schaechter, and
H. E. Umbarger (ed.), Escherichia coli and Salmonella typhimurium: cellular
and molecular biology, vol. 1. American Society for Microbiology. Washing-
ton, D.C.

14. Dobson, M. J., M. F. Tuite, N. A. Roberts, A. J. Kingsman, S. M. Kingsman,
R. Perkins, S. C. Conroy, B. Dunbar, and L. A. Fothergill. 1982. Conserva-
tion of high efficiency sequences in Saccharomyces cerevisiae. Nucleic Acids
Res. 10:2625–2637.

15. Doy, C. H., and J. M. Cooper. 1966. Aromatic biosynthesis in yeast. I. The
synthesis of tryptophan and the regulation of this pathway. Biochim. Bio-
phys. Acta 127:302–316.

16. Duntze, W., and T. R. Manney. 1968. Two mechanisms of allelic comple-
mentation among tryptophan synthetase mutants of Saccharomyces cerevi-
siae. J. Bacteriol. 96:2085–2093.

17. Ellenberg, T. E., C. J. Brandl, K. Struhl, and S. C. Harrison. 1992. The
GCN4 basic region leucine zipper binds DNA as a dimer of uninterrupted a
helices: crystal structure of the protein-DNA complex. Cell 71:1223–1237.

18. Gollub, E. G., P. K. Liu, J. Dayan, M. Adlersberg, and D. B. Sprinson. 1977.
Yeast mutants deficient in heme biosynthesis and a heme mutant addition-
ally blocked in cyclization of 2,3 oxidosqualene. J. Biol. Chem. 252:2846–
2854.

19. Hagen, T. J., and L. J. Shimkets. 1990. Nucleotide sequence and transcrip-
tional products of the csg locus of Myxococcus xanthus. J. Bacteriol. 172:15–
23.

20. Hamilton, R., C. K. Watanabe, and H. A. De Boer. 1987. Compilation and
comparison of the sequence context around the AUG start codons in Sac-
charomyces cerevisiae mRNAs. Nucleic Acid Res. 15:3581–3593.

21. Haskell, B. E., and E. E. Snell. 1965. Effect of vitamin B6 deficiency on the
composition of yeast lipids. Arch. Biochem. Biophys. 112:494–505.

22. Hata, S., T. Nishino, H. Katsuki, Y. Aoyama, and Y. Yoshida. 1983. Two
species of cytochrome P450 in ergosterol biosynthesis of yeast. Biochem.
Biophys. Res. Commun. 116:162–165.

23. Hata, S., T. Nishino, M. Komori, and H. Katsuki. 1981. Involvement of
cytochrome P-450 in D22-desaturation in ergosterol biosynthesis of yeast.
Biochem. Biophys. Res. Commun. 103:272–277.

24. Hope, I. A., and K. Struhl. 1986. Functional dissection of a eukaryotic
transcriptional activator protein, GCN4 of yeast. Cell 46:885–894.

25. Kalb, V. F., C. W. Woods, T. G. Turi, C. R. Dey, S. T. Suster, and J. C. Loper.
1987. Primary structure of the P450 demethylase gene from S. cerevisiae.
DNA 6:529–537.

26. Karst, F., and F. Lacroute. 1974. Yeast mutant requiring only a sterol as
growth supplement. Biochem. Biophys. Res. Commun. 59:370–376.

27. Karst, F., and F. Lacroute. 1977. Ergosterol biosynthesis in Saccharomyces

1822 LOUBBARDI ET AL. J. BACTERIOL.



cerevisiae. Mutants deficient in early steps of the pathway. Mol. Gen. Genet.
154:269–277.

28. Kwon, O., F. Kwok, and J. E. Churchich. 1991. Catalytic and regulatory
properties of native and chymotrypsin-treated pyridoxine-5-phosphate oxi-
dase. J. Biol. Chem. 266:22136–22140.

29. Labbe, P., and P. Chaix. 1969. Une nouvelle technique pour obtenir les
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