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Abstract The chromosomal DNA fragment from Phaffia
rhodozyma CBS 6938 which is able to autonomously replicate
in the yeast Saccharomyces cerevisiae was cloned on an
integrative URAJ3 plasmid. Its minimal fragment exhibiting
autonomously replicating activiy in the S. cerevisiae gave a
higher frequency transformation -efficiency than that found
for centromere-based plasmid, and enabled extrachromosomally
stable transmission of the plasmids in one copy per yeast
cell under non-selective culture condition. The 836-bp DNA
element lacked an ORF and did not contain any acceptable
match to an ARS core consensus. Sequence analysis, however,
displayed a cluster of three hairpin-loop-sequences with
individual AG,°C free energy value of -10.0, -17.5, and
-17.0 kcal - mol™ as well as a 9-bp sequence with two base
pair mismatches to the S. cerevisiae/E. coli gyrase-binding
site. This 836-bp sequence also included one 7-bp sequence
analogous to the core consensus of centromeric DNA
element III (CDEIII) of S. cerevisiae, but CDEIll-like 7 bp
sequence alone did not give a replicative function in this
yeast.
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Phaffia rhodozyma is a basidiomycetous vyeast that
produces astaxanthin as the principal carotenoid [3,
17]). Astaxanthin has become of great commercial
interest to the fish farming industries, since it is
responsible for pink color formation in salmon and
trout. Furthermore, a possible role of astaxanthin in
the prevention of human cancer [9] and as the most
effective antioxidant [16] renders it also medically
attractive.
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One disadvantage for the industrial application of wild-
type Phaffia strains as a possible source of astaxanthin
production appears to be its low pigment content [13].
Although mutant selection and cell fusion have been used
to achieve some increase in Phaffia pigmentation [1, 6],
the maximum amounts of astaxanthin still appears to be
low. Recombinant DNA technology could overcome this
drawback in strain improvement. This technique is
considerably impeded by the lack of molecular approach
to carotenoid biosynthesis pathways and their involved
genes. Such an approach would benefit enormously from
the development of an efficient transformation system.
The advantages of an autonomously replicating plasmid
include high frequency of transformation which would
be especially valuable in gene cloning by reisolation of
transforming plasmids capable of complementing mutant
alieles. It would also be valuable in gene expression if
it is maintained in high copy numbers from generation
to generation. Using a bacterial kanamycin resitance
gene as a dominant selection marker, transformation has
been achieved through integration of plasmid into the
tDNA of P. rhodozyma [26]. Recently, Kim et al. [14]
have reported that the integration of seven copies of
plasmids into rDNA of this yeast was efficiently achieved
using the ribososmal protein L41 gene of P. rhodozyma
as a dominant selection marker for cycloheximide
resistance.

The yeast S. cerevisiae has proven to be a useful
cellular system for the selection of DNA fragments which
confer autonomous replication [27]. Chromosomal or
mitochondrial DNA fragments isolated from a wide variety
of eukaryotes have been shown to function properly as
an ARS in S. cerevisiae [2, 7, 8, 22, 24].

In the present work, the isolation of chromosomal
DNA fragment from P. rhodozyma, which functions as
ARS in S. cerevisiae, and its nucleotide sequence analysis
have been described.



MATERIALS AND METHODS

Microbial Strains and Media

E.coli JM83 (ara, delta(lac-proAB), rpsL, ®80dlacZ
AM15) was used for all bacterial transformation and
gene library construction. S. cerevisiae SHY3 (Mat a, ste-
VC9, ura3-52, trpl-289, leu2-112, his3 Al, adel-101,
canl-100) and P. rhodozyma CBS 6938 were used as
hosts for ARS cloning and as sources of genomic DNA.
LB medium with ampicillin was used for cultivation
and selection of Escherichia coli harboring plasmid of
ampicillin resistance. YEPD (1% yeast extract, 2%
Bactopeptone, 2% dextrose) and YNB (0.67% Yeast
Nitrogen Base without amino acids [Difco]) were used
for yeast culture.

DNA Analysis and Transformation

Digestion of plasmid and yeast chromosomal DNA by
restriction enzymes, electrophoresis of DNA fragments,
Southern hybridzation, and E. coli transformation were
carried out as described by Sambrook et al. [23].

S. cerevisiae was transformed as described previously
by Park et al. [20]. P. rhodozyma chromosomal
DNA was extracted from the 36 h grown cells by the
method of Nagy et al. [18]. The DNA sequencing was
performed by the dideoxy chain termination method
using the sequencing kit supplied by the United States
Biochemical Company and appropriate oligonucleotide
primers.

Plasmid Copy Number Per Cell

Yeast cells were transformed with vector. The plasmid
DNA was isolated from transformant and restricted
with Sall as described in method of Sambrook et al.
[23]. Several quantities of genomic or plasmid DNA
were loaded. After clectrophoresis, the DNA fragments
were blotted and hybridized using the URA3 gene
fragment (1.2 kb) derived from YEp352 vector as probe.
The plasmid copy number per cell was estimated by
comparison of the autoradiogram of the plasmid versus
chromosomal band intensity, corrected according to the
percentage of the cells containing the plasmid at the
moment of harvesting,.

Plasmid Stability Assay

A single colony of the transformants was precultured on
the selective YNB-glucose medium and then inoculated
(1%) into 50 ml YPD medium. At the start and after
an appropriate period of cultivation, a suitable dilution
(100~300 colonies/plate) was spread onto a selective
plate without uracil and a non-selective plate with uracil.
The ratio between the numbers of colonies on the two
kinds of plates was taken as a measurement of plasmid
stability.
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RESULT AND DISCUSSION

Isolation of P. rhodozyma ARS
To isolate the P. rhodozyma DNA fragment capable of
functioning as ARS in P. rhodozyma and S. cerevisiae,
P. rhodozyma genomic DNA was partially digested with
Sau3Al and ligated into the unique BamHI site of the
YIp5S plasmid which lacks a yeast replication origin. The
resulting recombinant plasmids were used to transform
S. cerevisiae in order to select DNA fragments with
replicative activity in this yeast. S. cerevisiae transformants
were checked for their growth on YNB plate without
uracil. The extrachromosomally replicating plasmid DNA
of cach transformant was rescued from total DNA by
transformation of E. coli JM83. All recombinant plasmids
recovered by this procedure were tested for the ability to
transform S. cerevisiae. Recombinant plasmids were
recovered from the same transformants, and reintroduced
into the S. cerevisiae cells. All S. cerevisiae transformants
grew well on YNB plate without uracil. We selected
three clones; of these, two contained a common 1.8-kb
insert able to efficiently transform S. cerevisiae while the
other (approximately 3.8 kb) showed low transformation
frequency. This 1.8-kb insert cloned in YIp5 was designated
as YRpl. Plasmid YRpl can be readily recovered from
S. cerevisiae by transforming total genomic DNA of the
S. cerevisiae recipient cells into E. coli and isolating
plasmid DNA from individual ampicillin resistant E. coli
transformants. When the transformation of S. cerevisiae
with recovered plasmids was repeated, plasmid YRpls
prepared from these E. coli retransformants showed the
same band patterns on agarose electrophoresis (data not
shown). This suggests that YRpl exists in S. cerevisiae
as an extrachromosomal self-replicating plasmid.
Southern analysis of P. rhodozyma genomic DNA
using this 1.8-kb insert as probe showed that this was
derived from P. rhodozyma genomic DNA (data not
shown).

Transformation Efficiency and Copy Number

The 1.8-kb fragment in YRpl was subcloned in order to
define the smallest region of ARS activity in S. cerevisiae.
By Sall digestion of this insert, we obtained three fragments
with sizes of 0.5, 1.0, and 0.3 kb, which were cloned in
YIp5 to give YRpl-1, YRpl-2, and YRpl-3, respectively
(Fig. 1). When these plasmids were tested for ARS activity,
only YRp1-2 was able to transform S. cerevisiae and to
exhibit the same transformation frequency (6.12x 107
cfu (colony forming unit)/ug of plasmid DNA) as YRpl
plasmid, as shown in Fig. 1. This value was lower than
the transformation frequency of S. cerevisiae (3.5~4 X
10’ug DNA) with ARS-based plasmids [27] and of
Candida boidinii with CARS1 (1.0x 10%ug DNA) [22],
but was comparable to the transformation frequency of
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Plasmid S. cerevisiae

YRpl | | B [ i [ | I | | (6.09<10%
BamHI Sall Hpal Mbol Hincll Rsal Hincll Dral Sall BamHI

YRpl-1 ' ] (N.D.)
BamHI Sall

YRp1-2 | j I j [ j I I (6.12x 10%)

Sall  Hpal Mbol Hincll  Rsal Hincll Dral Sall
YRpl1-3 I l (N.D.)
Sall BamHI

Fig. 1. Replicative funtion of different subfragments of YRp1 restricted by Sall. The numbers in parenthesis indicate transformation

frequency; N.D., not detectable.

S. cerevisiae (4.5~5x10*/ug DNA) by the plasmid
containing a replicative mitochondrial DNA fragment of
Papaver somniferum L [8]. The YRpl-2 stability in S.
cerevisige transformants grown in YPD for 96 h, expressed
as the ratio of the number of colonies on the uracil-
minus plate to the number on the uracil-plus plate, was
approximately 80% which was high when compared
with the 5~50% found for ARS plasmids [11]. This value
was comparable to the 70% found for the centromere-based
plasmid of Candida maltosa [19]. This high stability was
also encountered in plasmids containing both an ARS
and a centromere as in Kluyveromyces marxianus [12]
and for 2u-like plasmids [27].

To determine the copy number of YRpl-2 per S.
cerevisiae cell, Southern blots of plasmid DNA from
URA3" transformants cut with Sall were probed with a
P*-labeled URA3 gene sequence. The resulting intensity
of bands corresponding to the URA3 gene on the plasmid
and the chromosomal URA3 allele was compared (Fig. 2).
On the assumption that the URA3 gene is present in one
copy per haploid genome, densitometric analysis using
Fluor-S multiimager (Bio-Rad) showed that the copy
number of YRpl-2 was approximately 1.3. This copy
number of YRp1-2 corresponds to that typical of YCp in
S. cerevisiae [19].

Nucleotide Analysis of ARS

The nucleotide sequence of an approximately 1.0-kb insert
in YRp1-2 has been determined (Fig. 3). No open reading
frame was found in the 836-bp region. One cannot find
11/11 or even 10/11 matches to the core consensus
sequence[(A/T)TTT(A/G)TTTA] for S. cerevisiae ARS
elements except for one 8/11 match at position number
237-248 in the 5' region of which no A-T rich stretches
were found. Many DNA fragments with ARS activity
contain the A-T rich sequences on the 5' side of the ARS

Fig. 2. Southern blot analysis of DNA from S. cerevisiae
URA3" transformant. Chromosomal and plasmid DNA from
URA3" transformant of S. cerevisize SHY3 separated on a 0.8%
agarose gel.

Lanes: 1, Intact plasmid YIp5 cut with Sall: 2, total genomic DNA
from S. cerevisiae SHY3 strain (20 ug); 3, total genomic DNA from S.
cerevisige SHY3 strain (40 pg); 4, plasmid YRp1-2 DNA (20 pg) from
URA3" transformant of S. cerevisiae cut with Sall; 5, plasmid YRp1-2
DNA (40 pg) from URA3" transformant of S. cerevisiae cut with Sall.
Blots were hybridized with **P-labelled URA3 gene fragment.

core consensus sequence which lowers the free energy
of the DNA helix, facilitating the binding of the initiation
proteins in the ARS region [25]. Inspection of the 836-bp
insert sequence revealed three hairpin-loop forming
subsequences with respectively high AG,,°C free energy
values of ~10.0, -17.5, and -17.0 kcal - mol” (Table 1)
which are found as a cluster in the region delineated by
position number 279-516 (Fig. 3). These free energy
values were higher than AG,;"C free energy values of ~7.6,
-6.4, and -5.2 kcal - mol” calculated from a replicative
mitochondrial DNA fragment of a basidomyceteous fungus,
Pleurotus ostreatus [21]. Sequence analysis of the 836-bp
insert exhibited one putative consensus core site (position
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5/
1  TTCCAGGAGGAGGAAGCAATTTCTAGCGAGGAGAACGACTGAGGCGTCTGTTACT

5 TTTGTGCATTTTACCAATTTGACGAATTTCCACGAACAACCACCGGAATGAATTA
111 GCACCCATATTGGCACAAGACTTAATCACACATATCTATACGAAAACAGAAAGAC
166 TTACTCTTCTCAATGATCGACAATTCTGAGCAATTGCAGTCACCCCAACATCCGT
221 TTACCTTATTGCACCCATTATGATTTAACCCCTGTAGTTTCAGACAGCCCATCGC
276 TATCCCTCTCAATGCGGCGTCCCCTATGTTTTTGACCATTGAGAGATCCAGTGCG

331 ACAAGGGCATTCAACTTCAACCCCAAGACCATGCCGACCATCGAGTCTCCCAAAA

386 GTGAACAACCTGTCAACCTGTCCAACCGGCTGCAACCTCTAAGTCGGAACAACGT
<
441 ATCGTCCGTGACGTCTGCCAGAAAGTTTGATAAATTGATCCGACGAACATACGAC

@ »
4
496 GCGTAAGGGTATGTCGGTCGGTCGATTTTTGTTGGGACACGAAGGGGTACTATCG

E] >
551 CCAGGGACCACACATTGATTCCGGACTGACTGATCTGTTTCAATCCTAGTCTATC

606 GGCTCTTGGTCCTCGTCCTCGTCCTCGTCCTCACTGTCAACGTCACCAAGAGATG
661 TCGTTTGAAGCGAGAGATTTTTAAATTCGTCTGGCGCTAATTGGGGTCCTGGATC

716 AAGCACATTGAGGAATGTGCTGAAATCTCGATAAGTTCGGAATGTGGGTTTGCTC
D cem 4 > gyr 4
771 CACAGATTCTCAACTGCTATGGAGGCGAACAACCGACAGACGGTGACGCATCGCT

826 TCAAGTCAGGA 3'
Fig. 3. Nucleotide sequence of the chromosomal DNA fragment of P. rhodozyma able to autonomously replicate in S. cerevisiae.
The 836 bases are composed of A (224), C (216) G (182), and T (214). Numbered squares flanked by outward-pointing shaded arrowheads indicate
three postulated hairpin-loop-forming sequences located between nucleotides 278 and 516.The underlined bolded sequence represents a 8/11 match to
the S. cerevisiaze ARS core consensus sequence. Inward pointing triangles below the sequence designate putative consensus sites for centromere ([>
cen<]) and gyrase binding site (D>gyr< ).

Table 1. Hairpin-loop sequence identified in YRp1-2.

Energy

No. AG.°C: Stem  Loop Position
M 25 . . .
keal - mol” (paired) (unpaired) —5' stem Loop 3' stem—

1 -10.00 10 22 278-303 304-311 312-321
2 -17.50 16 25 428-443 444-468 469-484
3 -17.00 13 11 479-492 493-503 504-516

number 764-772) with two base mismatches to the S.
cerevisiae gyrase recognition site (TATGCTTA) [10].
Also present in just the 5' side of a putative gyrase
binding site is a putative cen core sequence (position
number 751-757) with a single base pair mismatch to the
core concensus site (TTCCGAA) of the centromere

locus of chromosome III (CDE III) of S. cerevisiae [11],
where a conserved C was replaced with G. However, no
AT-rich stretches [12], a common feature of yeast
centromere, was found.

P. rhodozyma shares some common features with
those of a replicative mitochondrial DNA fragment of a
basidomyceteous fungus, Pleurotus ostreatus [21], where
the DNA fragment has a CDElll-like sequence with a
single base-pair mismatch with the core sequence of
S. cerevisiae CDEIII and a hairpin-loop structure with a
high free energy value as well as several putative gyrase
recognition-binding sites.

In order to know the potentials for the function of
putative ARS and centromere-like sequence, the 836-bp
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insert was subcloned using different restriction enzymes.
We ligated the 545-bp Sall-Rsal fragment carrying hairpin-
loop structures and an 8/11 match to the core consensus
sequence of S. cerevisiae ARS into the Sall-Nrul sites
of YIpS, and introduced this ligated vector (designated
as YRpl-4) into S. cerevisine. The transformation of
S. cerevisiae with YRp1-4 gave rise to only mini colonies
at high frequency. However, these colonies exhibited no
further growth on YNB plate without uracil. Similarly, a
291-bp Rsal-Sall fragment containing the CDEIII-like
sequence as well as a putative gyrase-binding site was
ligated into filled-up Sphl-Sall sites of YIpS (designated
as YRpl-5). When S. cerevisiae was transformed with
YRp1-5, no transforamant was obtaind. Therefore, 545-bp
or 291-bp alone is not sufficient to promote replication
activity. Only the 836-bp insert appears to have
replicative and partitioning functions in S. cerevisiae.
Although the 836-bp insert was devoid of any structural
homology 10 S. cerevisige centromeres, including runs of
alternating AT (AT content>90%) [4], the copy number
and stability of YRp1-2 plasmid was closer to those of
centromere-containing ARS plasmids [19] than circular
ARS plasmids [5]. Although the 836-bp sequence possesses
some sequence features expected for a replicon, including a
high energy profile as well as a potential gyrase binding
site, the detailed functional analysis of sequences able to
replicate and stabilize this plasmid in S. cerevisiae awaits
further studies. These might involve bidirectional deletion
of the 836-bp insert and site-directed mutagenesis of
expected sites for plasmid replicon and partition. The P.
rhodozyma system for extrachromosmally replicating
transformation offers an opportunity for gene cloning
by reisolation of transforming plasmids capable of
complementing mutant alleles. To determine whether the
836-bp insert is able to act as a replicon in P. rhodozyma
as well, it is also necessary to transform P. rhodozyma
with the vector containing this insert as a replicon and a
suitable marker for screening transformants. Transformation
experiments of P. rhodozyma using the pGB-Ph9 [26]
derivative carrying the 836-bp insert are presently being
attemped in our laboratory.
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