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In the circular plasmid pKD1, which stably replicates in Kluyveromyces lactis, the three open reading frames
encode a site-specific recombinase (gene 4) and two proteins involved in mitotic stability (genes B and C). A
recombination analysis of plasmids in which gene B or C is inactivated reveals that unlike the 2um plasmid of
Saccharomyces cerevisiae, these genes are also required for the site specificity of plasmid recombination.

pKDl1 is a circular plasmid isolated from Kluyveromyces
drosophilarum (7) which is able to replicate stably in
Kluyveromyces lactis (3) and other related Kluyveromyces
species (6). pKD1 belongs to a family of yeast plasmids that
includes the 2pm circle of Saccharomyces cerevisiae and
other plasmids from the osmophilic yeasts of the Zygosac-
charomyces genus. The stable maintenance of yeast plas-
mids in the cell population is possible because of efficient
mitotic partitioning and copy number amplification. These
yeast plasmids do not exhibit sequence homologies, but they
have very similar genomic organizations and the functions of
plasmid genes are analogous (16). In fact, in all plasmids
analyzed, one gene codes for a site-specific recombinase
while two other genes are involved in plasmid partitioning.
Other plasmid elements, i.e., the replication origin, the
inverted repeats, and a cis-acting stability locus (4, 9, 10),
are required for plasmid replication, recombination, and
partitioning, respectively. The site-specific recombinase

(FLP) of the 2pm plasmid has been studied both in vivo and
in vitro (1, 5) and has been shown to be involved in copy
number amplification (8, 15).

In this work, I report an analysis of the stability, copy
number, and recombination in K. lactis strains of an isomor-
phic set of vectors containing pKD1 genes which have been
inactivated at the level of translation by frameshift muta-
tions. The results revealed a new function of pKD1 parti-
tioning genes in site specificity of recombination, which is
the first important difference between pKD1 and the other
circular plasmids.

The vectors used in this study were derived from pS13
(Fig. 1), which contains the integrative vector YIpS inserted
in the unique Sphl site of pKD1. This vector was chosen
because of its high stability (Table 1). pKD1 genes (4, B, and
C) in pS13 were subsequently modified by insertion of 4 bp
within each open reading frame (vectors pKA, pKB, and
pKC; Fig. 1). Doubly disrupted vectors (PKAB and pKAC)

TABLE 1. Plasmid stability and copy number in pKD1° and pKD1* strains of K. lactis

Stability? of the transformants after the indicated no. of generations:

Plasmid copy number” after the indicated no. of generations:

Vector pKD1° pKD1°
pKD1*, 8 pKD1*, 8

8 50 100 8 50 100
pS13 101.9 (+ 11.7)  89.6 (+ 16.6)  75.2 (x 47.8) 74.0 (x 1.4) 18.4 (+ 1.8) 17.0 (£ 5.0) 17.3(x5.8) ND
pKA 79.3 (+ 15.3)  36.1 (= 3.7) 171 (£ 6.7)  66.3 (= 4.4) 6.9 (= 0.9) 8.4 (= 0.8) 5.1 (% 1.0) ND
pKB 4.8 (+2.4) 0.0 ND* 58.7 (= 7.4) 13.0 (= 5.9) ND ND ND
pKC 42 (%29 0.0 ND 78.0 (= 4.4) 14.9 (+ 11.4) ND ND ND
pKAB 3.7(x5.9 ND ND 60.5 (+ 4.6) 30.4 (= 29.6) ND ND ND
pKAC 2.8 (+2.5) ND ND 66.4 (x 15.3) 12.1 (% 7.6) ND ND ND
pE1l 98.1 (% 17.5) ND ND ND
pEll 29.4 (= 12.2) ND ND 26.7 (+ 12.3)

2 Stabilities were measured as percentages of Ura* cells after growth in complete medium. Stability values are averages of three to six determinations on
independent transformants. Standard deviations are reported in parentheses.

b Copy numbers were determined as follows: total DNAs from the transformants were digested with BglIl endonuclease, electrophoresed, and blotted onto
membrane filters (Hybond-N; Amersham). Gel slots were loaded with increasing amounts of the same digestion mixture. Filters were then hybridized with a probe
composed of pBR322 and KEXI (17) sequences. Intensities of the signals belonging to the vector and hybridizing with the pBR322 moiety of the probe were
compared with the reference scale of signals deriving from the single yeast chromosomal gene KEX1. Values were corrected by the percentages of Ura™ cells
in the cultures: the Bg/II fragment hybridizing with pBR322 contained the marker gene URA3 (Fig. 1). Copy numbers of pKB and pKC are probably lower than
actual values as a result of the loss, on part of these vectors, of bacterial sequences (see text). Copy number values are averages of three to six determinations
on independent transformants. Standard deviations are reported in parentheses.

€ ND, not determined.
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FIG. 1. Map of pS13, composed of pKD1 (upper part) and YIp5
(pBR322 plus the marker gene URA3; lower part). Genes (black
boxes), inverted repeats of pKD1 (IR) (open boxes), and the
cis-acting stability locus (CSL) and putative replication origin (RO)
of pKDI1 (striped boxes) are shown. Restriction sites: S, Sphl; N,
Nrul; B, BamHI; small triangles, Bg/II; small arrows, MstII.
Inactivation of pKD1 genes was obtained as follows: pS13 was
partially digested with BamHI, and the protruding ends were filled in
by Klenow enzyme and religated. The resulting vectors, named
pKA, pKB, and pKC, had frameshift mutations in the correspond-
ing genes, and stop codons occurred a few nucleotides downstream
of the 4-bp insertions. The doubly disrupted vectors pKAB and
pKAC were obtained from pKA in a manner similar to that of
vectors described above. YIp5 insertion at BamHI sites had already
resulted in gene inactivation (4). Vectors pKA, pKB, and pKC,
obtained by frameshift inactivation at BamHI sites of the corre-
sponding genes, are indicated in parentheses (KA, KB, and KC,
respectively). The MstII sites were used to obtain vector pE11 (a gift
of H. Fukuhara) from vector pEl (see text).

were also constructed. Two K. lactis strains, VD1 (o argA
lsA uraA K~ pKD1°% and the isogenic MD2/1 (pKD1%)
strain, were transformed with all the vectors described by
the protoplast procedure (3). Stabilities of the transformants
and vector copy numbers per Ura* cell were measured;
results are reported in Table 1.

Results concerning the stability of the vectors confirmed
the relevance of genes B and C in plasmid partitioning,
although inactivation of gene A4 also resulted in lower stabil-
ity with respect to the parental pS13 plasmid, especially after
prolonged growth. On the other hand, copy number was
significantly more affected by the inactivation of gene 4 than
by that of gene B or C. The results suggest a possible role of
recombinase A in copy number amplification, as has also
been indicated for the FLP enzyme of 2um. The mitotic loss
of pKA can probably be explained by the low copy number
of pKA, instead of as a consequence of a direct involvement
of the recombinase in partitioning. The large standard devi-
ations of pKB, pKC, pKAB, and pKAC copy numbers arose
from the low but variable percentages of Ura* cells caused
by the uneven segregation of the plasmid molecules during
cell division.

Recombination properties of the vectors were tested by
Southern analysis of plasmid DNA from transformants (Fig.
2). Digestion with Nrul endonuclease made it possible to
distinguish the input form of the vector (form B) from its
isomeric form (form A) produced by site-specific recombi-
nation. Both isomers were found in pS13 transformants (Fig.
2A and B, lanes 1 and 2), while only the input form was
present in pKA transformants (Fig. 2A and B, lanes 3 and 4).
Unexpected results were obtained with vectors pKB and
pKC. In fact, in addition to the four regular fragments,
additional molecules of different sizes which varied from one
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FIG. 2. Southern analysis of Nrul digestion of DNAs extracted
from independent pKD1° transformants. (A and B) The filters with
pS13-derived vectors were hybridized with labelled pS13 (A) and
pKD1 (B). Lanes 1 and 2, pS13; lanes 3 and 4, pKA; lanes 5 to 7,
pKB; lanes 8 to 10, pKC. (C) The filter with doubly disrupted
vectors was hybridized with labelled pS13. Lanes 1 to 5, pKAB;
lane 6, pKA (control); lanes 7 to 11, pKAC. The molecular sizes of
the regular Nrul fragments of pS13 are marked to the right of the
gels (form B, 3.00 and 7.30 kbp; form A, 1.17 and 9.13 kbp).

transformant to the other were detected (Fig. 2A and B,
lanes 5 to 10). The additional fragments, which were de-
tected with labelled pS13 (Fig. 2A), yielded signals of a
different intensity when hybridized to pKD1 alone (Fig. 2B)
or to pBR322 (not shown). On the other hand, the large Nrul
fragments of the regular isomers, which did not contain the
pKD1 origin of replication (Fig. 1), yielded only very faint
signals with all the probes used. These observations sug-
gested that bacterial and/or pKD1 sequences present in
vectors pKB and pKC were lost in the transformants. Figure
3 shows the Southern analysis of undigested DNAs from the
transformants. The higher electrophoretic mobility of the
circular molecules detected in pKB and pKC transformants
(lanes 5 to 10) confirmed that deletion products of the input
vectors were present in these transformants.

To determine whether these circles were produced by the
plasmid recombinase or by some host activity, DNAs from
the doubly disrupted pKAB and pKAC transformants were
analyzed (Fig. 2C and 3). Only the input form of the vectors
was present in these transformants, a fact which indicates
that the appearance of aberrant molecules had in fact been
due to the plasmid recombinase. The low stability of the
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FIG. 3. Southern analysis of undigested DNAs from independent
pKD1° transformants hybridized to labelled pS13. Lanes 1 and 2,
pS13; lanes 3 and 4, pKA; lanes 5 to 7, pKB; lanes 8 to 10, pKC;
lanes 11 to 13, pKAB:; lanes 14 to 16, pKAC. CC, closed circular
DNA; OC, open circular DNA.

pKB and pKC transformants cannot have been due to
marker loss as a result of plasmid rearrangements, because
the pKAB and pKAC transformants, in which no rearranged
molecules were found, showed a similar instability. DNAs
from MD2/1 (pKD1") transformants of all the vectors de-
scribed yielded the regular four-signal pattern after Nrul
digestion (data not shown).

The results indicated that anomalous recombination
events took place in the absence of the B or C gene product;
these events were the result of the activity of the plasmid
recombinase and gave rise to two smaller circular molecules.
The circles bearing the pKD1 origin of replication could then
be selectively maintained in host cells. That there had been
large deletions of DNA from the transforming vectors was
also suggested by the fact that all attempts to recover the
rearranged molecules from the yeast transformants by Esch-
erichia coli transformation consistently failed. The presence
of low amounts of the regular isomers, on the other hand,
indicated that the loss of specificity of the plasmid recombi-
nase was not complete.

However, to exclude the possibility that the anomalous
recombination was an indirect consequence of faulty segre-
gation, the recombination properties of a vector defective in
partitioning because of a deletion in the cis-acting stability
locus (CSL) were tested. This vector, called pEll, was
derived from the stable vector pEl (already described in
references 3 and 6) by digestion with MszII endonuclease
and religation, which yielded a 60-bp deletion within the CSL
gene (Fig. 1). This deletion resulted in a substantial decrease
in the stability of pE11 (Table 1). Recombination analysis of
these vectors (Fig. 4) showed that only the expected recom-
bination events took place in pEll transformants, thus
excluding the above-mentioned possibility. Another possi-
bility was that the anomalous recombination was due to an
overexpression of gene A4 in the absence of the B and C gene
products which might have regulatory activity, as in the 2um
system. This possibility, however, was not supported by
Northern (RNA) analysis of poly(A)* transcripts from vec-
tors bearing disrupted B and C genes (2).

I suggest that B and C gene products are required by the
plasmid recombinase to promote site-specific recombina-
tion. The excision of DNA sequences of variable length from
the replicative circles indicates that the loss of site specificity
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FIG. 4. Southern analysis of DNAs from pE1 (lanes 1 and 2) and
pEL11 (lanes 3 to 6) transformants of the pKD1° strain, digested with
Nrul nuclease. The filter was hybridized with labelled pE1l. The
sizes of the Nrul fragments of the input form (pEl, 5.24 and 5.06
kbp; pE11, 5.18 and 5.06 kbp) and of the other isomer (pE1, 7.07 and
3.23 kbp; pEL11, 7.01 and 3.23 kbp) of the vectors are indicated at the
sides of the gel.

of the reaction was also accompanied by a loss of direction-
ality. Actually, in the different site-specific recombination
systems studied, excisions occur when the recognition se-
quences, which impart directionality because of their inher-
ent asymmetry, are directly arranged on genomes (12). Thus,
the excision of DNA sequences from pKB and pKC vectors
might have been the consequence of the absence of elements
that could have imparted directionality to the sequences
unspecifically recognized by the plasmid recombinase. The
recognition of the specific recombination targets in the
presence of B and C gene products might be derived from a
direct protein-protein interaction with the plasmid recombi-
nase or DNA-protein interaction with the specific recombi-
nation sites. Other possibilities, such as interaction of the
partitioning proteins with cryptic recombination sites or
conformational effects on DNA, are not excluded.

In conclusion, these results demonstrate that unlike the
situation in the 2um system, where the FLP enzyme alone is
sufficient for site-specific recombination and the partitioning
genes REPI and REP2 act only as transcription regulators
(11, 13, 14), in pKD1 the partitioning genes B and C are also
directly involved in plasmid recombination. The possible
roles in transcription regulation of genes B and C of pKD1
still remain to be investigated, but the absence of the fourth
open reading frame suggests that the mechanism of tran-
scription control which is at work is different from the one in
the 2pm circle.
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