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ABSTRACT 
Introduction of a chromosome  fragmentation  vector (CFV) into  the  budding yeast Saccharomyces 

cerevisiae results in a targeted  homologous  recombination  event  that  yields  an  independently  segregating 
chromosome  fragment (CF) and  an  alteration  in  the  strain’s  karyotype.  Fragmentation with an  acentric 
CFV directed in a centromere-proximal  orientation  generates a CF that contains all sequences  proximal 
to the  targeting  segment  and  results  in  loss of the endogenous  targeted  chromosome to  yield a 2N- 
1 +CF karyotype.  In  contrast,  fragmentation  with a centric  CFVdirected in a centromeredistal  orientation 
generates a CF that  contains all sequences  distal to the  targeting  segment  and  retention of the  endoge- 
nous  targeted  chromosome  to  yield a 2N+CF karyotype. We  have termed  this  phenomenon  “break 
copy”  duplication.  Using  yeast  strains  in  which  the  centromere  had  been  transposed  to a new location, 
it was demonstrated  that  the  centromere  inhibited  break copy duplication.  These  data  suggest  that CF 
formation is the  product of  an unscheduled DNA replication  event  initiated by the free  end of the CFV 
and is analogous  to a “half’ double-strand  break  gap-repair  reaction. We suggest  that  break copy 
duplication may have  evolved  as a mechanism for maintenance of ploidy  following DNA breakage. 

T HE maintenance of  ploidy is essential for survival  of 
a species. Mechanisms exist to  ensure  that  during 

mitosis daughter cells  receive identical sets of chromo- 
somes. Mechanisms also exist to ensure  maintenance 
of ploidy after DNA damage. Double-stranded breaks 
(DSB),  for  example, must be efficiently repaired to 
avoid catastrophic results. It is generally believed that 
a DSB  is repaired by a process that requires  homologous 
recombination (RESNICK 1976). The DSB repair  model 
for  recombination suggests that following exonuclease 
digestion,  a  free end of the DSB invades an homologous 
region on  the sister chromosome and initiates a unidi- 
rectional replication fork. This continues  until the mi- 
grating D-loop reaches  the other free end of the DSB 
where a new and opposing replication fork is initiated. 
Once replication is complete,  the two predicted “Holli- 
day” junctions resolve and  the DSB  is effectively re- 
paired  (HOLLIDAY 1964; SZOSTAK et al. 1983). 

When exogenous  linear DNA with homologous  free 
ends is introduced  into yeast, it integrates  into  the ge- 
nome with high efficiency  (ORR-WEAVER et al. 1981; 
ORR-WEAVER and SZOSTAK 1983).  It is conceivable that 
the  presence of these exogenously added  homologous 
free  ends is similar to the  presence of an  endogenous 
chromosomal  free end  that results after  a DSB.  Yeast 

cells, in fact, will attempt to repair  the  exogenous  free 
end by homologous  recombination. The observation 
that  free  ends  are highly recombinogenic has been ex- 
traordinarily beneficial, permitting easy  DNA-mediated 
manipulation of the yeast genome,  including  gene dis- 
ruptions,  replacements, and transplacements (reviewed 
by ROTHSTEIN 1991). Methods have  also been devel- 
oped  for  creating large terminal deletions  that  permit 
the  generation of chromosomal variants useful for  de- 
fining the minimal set of structural  elements necessary 
for  proper  chromosome replication and efficient segre- 
gation (SUROSKY and TTLE 1985; MURRAY et al. 1986; 
MURRAY and SZOSTAK 1986; SUROSKY et al. 1986). Fur- 
ther modification of these techniques has permitted 
the physical positioning of cloned DNA fragments on 
yeast chromosomes and  on yeast artificial chromosomes 
(YACs) (VOLLFUTH et al. 1988) in  a process termed 
“chromosome  fragmentation.”  Chromosome fragmen- 
tation has since become  a  standard tool for  generating 
YAC deletion series useful in gene  mapping and in the 
determination of exon  structure (PAVAN et al. 1990; DAS 
GUPTA et al. 1993). 

In this article, we analyze the basis for observations 
originally made using chromosome  fragmentation to 
physically map  genetic loci on yeast endogenous  chro- 
mosomes. The primary observation was that  the fate of a 
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those  described by VOLLRATH (1988). Briefly, the CFVs 
contain  unique  cloning sites, the yeast selectable 
marker URA3, the ochre-suppressing tRNA gene SWll  
for visual monitoring  of  chromosome  fragment stabil- 
ity, and  sequences  from  the Y’ subtelomeric  repeat  for 
recombination  and  healing  to yeast telomeres. To  gen- 
erate a chromosome  fragment, a unique DNA segment 
is subcloned  into  the CFV, the CFV is then linearized 
between  the DNA segment  and  the Y‘ element with a 
unique  endonuclease,  transformed  into yeast, and sta- 
ble Ura+ colonies are selected. The  chromosome frag- 
ments  generated  in  this  manner  are  linear DNA mole- 
cules  that  contain a centromere,  telomeres  at  both 
ends,  and consist of all DNA sequence  from  the site of 
fragmentation  to  the  telomere (VOLLRATH et al. 1988). 

There  are several models  that  might  explain how 
chromosome  fragments  are  generated.  They  include 
the following: (1) gene conversion of all sequences  be- 
tween the  unique  chromosomal  target  segment  and  the 
chromosomal  telomere  onto  the CFV, and (2) a double 
crossover event  (reciprocal  recombination)  between 
the  chromosome  and  the CFV, with one crossover  oc- 
curring  at  telomere  sequences  and  the  second crossover 
occurring  at  the  target  segments.  Although  either  of 
these two models  seems  plausible,  neither  can  ade- 
quately  account  for all of the  chromosome  fragmenta- 
tion  products  described  here. A third possibility is that 
CF formation results from a replicative repair  event 
initiated  after  strand invasion by the CFV. In this  article, 
we provide  evidence  that CF formation results from 
duplication of the  chromosome  and is therefore  more 
reminiscent of a  replicative repair  model  than  either 
a gene  conversion or  cross-over model. We have 
termed  this  phenomenon  “break copy” duplication. 
Other  groups,  including VOELKEL-MEIMAN and ROEDER 
(1990a,b) and MALKOVA et al. (1996)  have  proposed 
similar DNA replicative repair  models,  referred  to  as 
“break and replicate” and  “break-induced replica- 
tion,” respectively, to  explain  their results. VOELKEL- 
MEIMAN and ROEDER (1990a,b)  demonstrated  that  in- 
troduction of a HOTl site  resulted  in an increase  in 
mitotic  recombination  and tracts  of gene  conversion 
that  extended  up  to 77 kb  from  the HOTl site;  while 
MALKOVA et al. (1996)  demonstrated  that cleavage  of 
chromosome I11 at the M T a  locus by the HO endonu- 
clease often  resulted  in homozygosity of all markers 
distal to  the  break.  In  both cases, extensive amounts  of 
DNA replication  must have occurred.  While we suggest 
that CFs are  formed by an  unscheduled DNA replica- 
tion  event,  additional  evidence is presented  demonstra- 
ting  that  chromosome  duplication  occurs primarily in 
a centromere distal, but  not  in a centromere  proximal 
direction,  because  in a  proximal  direction  unscheduled 
DNA replication is inhibited by the  centromere.  We 
further suggest  that  break copy duplication  and  inhibi- 
tion of break copy duplication by the  centromere  might 

represent a biologically important  mechanism  for  main- 
tenance of ploidy  following  a double-strand  break. 

MATERIALS AND  METHODS 

Yeast  strains  and  transformations: All yeast strains  used  in 
this  study,  listed in Table 1, were congenic derivatives of 
S288C. The “transpocentric” strain, J101-T55A,  was obtained 
from S. ROEDER and is described  elsewhere (LAMBIE and 
ROEDER 1986, 1988). The “heterotranspocentric” strain, 
YDMIO, was constructed by mating J101-T55A  with  YF’H47. 
Media and growth of  yeast strains were  as described (ROSE et 
al. 1990). All yeast cultures were  grown at 30”. Transformation 
ofyeast with  DNAwas performed by the lithium acetate proce- 
dure as  previously described ( ITO et al. 1983). 

Chromosome  fragmentation  vectors: The CFVs, acentric 
pYCFl and centric pYCF2 are derivatives ofYRpl4 (GERRING 
et al. 1991). They are the precursors, respectively,  to the CFVs, 
pYCF3 and pYCF4,  whose construction has been previously 
described (VOLLRATH et al. 1988). The fragments, D8B and 
H9G,  used for constructing the D8B  CFVs and H9G CFVs, 
respectively,  were obtained from C. NEMTON (see NEWLON et 
al. 1991). These fragments,  derived  from  chromosome 111, 
are BamHI restriction  fragments generated during the con- 
struction of a restriction  map of a circular  derivative of chro- 
mosome 111. To construct the D8B CFVs, a 5.0-kb BglrI frag- 
ment from a D8Rcontaining vector was subcloned into the 
BamHI/Bg&I sites of either pYCFl or pYCF2. The resultant 
unique Bg&I site, which is located  between they’ subtelomeric 
repeat and the D8B fragment in the pYCF vectors, was used 
was for linearization before transformation. To construct the 
H9G CFVs, a 1.5-kb BglrI fragment from a H9G containing 
vector was subcloned into the BamHI/BglII sites  of either 
pYCFl or pYCF2. The D8B isochromosome fragmentation 
vector was constructed by subcloning two identical  5.0-kb BgnI 
fragments  from D8B into the BamHI/BglII  sites  of  pYCF2. 
The fragments were oriented such that BglrI was unique and 
lay between the two D8B fragments. 

Chromosome  fragmentation  and  pulsed-field  gel  andy- 
sis: Chromosome fragmentation was performed as described 
(VOLLRATH et al. 1988; GERRING et al. 1991). Typically, 3 pg 
of linearized DNA was transformed into yeast  cells.  Trans- 
formants were selected and colony  purified by plating on 
selective,  minimal  media  plates.  In experiments involving the 
heterotranspocentric strains, it was observed that continuous 
selection for the CF resulted in the formation of stable CFs 
derived  from fragmentation events  where  an acentric CF had 
been generated. We speculate that gene conversion of the 
CEN from the other chromosome 111 resulted  in the conver- 
sion of unstable acentric CFs to  stable monocentric CFs. To 
avoid  this problem, single  colonies were selected  directly off 
of the transformation plate and grown  in  nonselective condi- 
tions  to permit loss of unstable acentric CFs. DNA  was pre- 
pared for  pulsed-field  gel electrophoresis as described (VOLL- 
RATH et al. 1988; GERRINC et al. 1991) and analyzed on either 
a BRL Hex-A-Field contour-clamped homogeneous electric 
field apparatus or a home-made  orthogonal-field-alternating 
gel apparatus (SCHWARTZ and CANTOR 1984). 

RESULTS 

Restructuring  yeast  chromosomes using centric and 
acentric  chromosome  fragmentation  vectors: The gen- 
eral  method of chromosome  restructuring  at  defined 
sites in  the yeast genome by chromosome  fragmenta- 
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TABLE 1 

S. cereuiSiae yeast strains 

Yeast 
strain Genotype  Reference 

YPH34 MATa  tt~03-52 1~~2-801 nd~2-101 IqI-Al This study 
YPH43 MATa trm3-52  lp2-801  adR-IO1 I r j , l Q I  SIKORSKI and HIETER (1989) 
YPH47 MATa  zrrd-52 452-801 ad~2-IO1 tql-Al  SIKORSKI and HIETER (1989) 
YPH49 MATa/a ztrn3-52/?tra3-52 lys2-80I/lys2-801 nd~2-lOI/nd~2-101 GERRING PI nl. (1991) 

JlOl-T.55A MATa  ?tm3-52  his3-11,15 his4-260 T5 a&l lysl-I are-17  lm2-3,112 A E N 3  LWRIE and ROEDER (1986, 1988) 
I ~ I I - A I / I ~ I - A I  

PGKI bikl::CEN3-21 l(0n.R) 

ndPl/ADEl  ADfi~2/nd~2-101 ar@-I 7/ARCA k.u2-3,112/LEU2 T R p l / ~ q l - A l  
ACEN3/CEZV3 bikI::CEIV3-21 I(oriR)/BlKI 

YDMlO MATa/a ?crn3-52/~cra3-52 lAYS2/!~-s2-8O1 his3-I 1,15/HIS3  his4-260/HIS4 T5 This study 

tion is diagrammed in Figure 1.  A unique DNA se<gment 
is cloned in both  orientations  into a “centric”  (centro- 
mere  containing) CFV and  an “acentric”  (centromere 
lacking) CFV. The resultant  four vectors have a unique 
endonuclease site between the telomeric segment and 
the subcloned  unique DNA segment to allow lineariza- 
tion of the  recombinant vectors before  transformation 
into yeast  cells. The two orientations (ori) of the  unique 

Acentric  CF  vector Centric  CF  vector 
on-d and on-p on-d and on-p 

m1. 275kb 4 Expected  CF 
Acentric, on-d 6 Unstable, lWkb 

J Acentric  CF 

Acentric, on-p b Stable, 275kb 

t n 

CEN 
u 

0 n 
2 Centric  CF 

Centric, on-d Stable, lWkb 
v 3 Centric  CF 

Centric, on-p “xi- 
x n  Unstable,  275kb 

C 3 Dicentric CF 

FIGCRE 1.-Schematic of chromosome fragmentation vec- 
tors and expected products. A unique DNA segment is s u b  
cloned in both the proximal (on-p,  p) or distal (orid,  d) 
orientations into  either an acentric CFV or a centric CFV. 
The CFVs are linearized with the unique  endonuclease RgKI 
that cleaves between the unique DNA segment and  the subtel- 
omeric Y’ repeats. Transformation into yeast  is expected to 
yield stable CFs only with the acentric (ori-p) CFV and  the 
centric (ori-d) CFV. Transformation with the acentric (ori-d) 
should yield a highly unstable acentric CF, and transformation 
with the  centric (on-p)  should yield a highly unstable dicen- 
tric  CF. Distances shown are for fragmentation events at D8B, 
discussed below. 0, unique DNA element D8B (black triangle 
indicates genomic  orientation); 0, endogenous chromosomal 
EN; 0, vector EN; open oval, telomere;  stippled oval, subtel- 
omeric Y’ repeat. 

DNA segment, labeled ori-p (for CEWproximal) and 
orid (for CENdistal), denote  the orientation of the 
recombinogenic end with respect to the  centromere of 
the  endogenous target chromosome. In effect, the lin- 
ear molecule contains a “one-ended’’ double-strand 
break upon transformation into yeast, such that the 
telomeric end is essentially blocked from undergoing 
integrative recombination, while the  unique  end is re- 
combinogenic. Homologous  recombination of either 
an  acentric or centric CFV derivative in the ori-d con- 
figuration is expected to yield a chromosome  fragment 
carrying all sequences distal to the  unique target seg- 
ment.  In  the orid configuration,  the  acentric CFV is 
expected to yield an acentric  (unstable) CF, while the 
centric CFV will yield a  monocentric (stably segregat- 
ing) CF. Similarly, homologous recombination o f  either 
an  acentric or centric CFV derivative  in the ori-p con- 
figuration is expected to yield a CF carrying all  se- 
quences proximal to the  unique target segment. In the 
ori-p configuration,  the  acentric CFV would  yield a mo- 
nocentric  (stable) CF, while the  centric CFV would  yield 
a dicentric  (unstable) CF. Thus,  for any unique DNA 
segment in the  genome, only the acentric CFV ori-p 
and  the centric CFV ori-d configurations are expected 
to yield  stably segregating  monocentric CFs. 

Fates of haploid and diploid cells differ after trans- 
formation with acentric  and  centric chromosome frag- 
mentation  vectors: Early observations from this lah 
oratory with CFVs used to fragment  at  the ARG4 
(chromosome VIIIR), CEN+adj, (adjacent to CEN$ 
chromosome IVL) or RNase H (chromosome XIIIR) 
loci indicated  that  the fate of haploid and diploid cells 
differed when transformed with acentric  (ori-p) or cen- 
tric (orid) chromosome  fragmentation vectors (Table 
2). In cases  of chromosome  fragmentation by acentric 
CFVs, transformation efficiencies were consistently low 
(zero to 10 colonies/pg  input DNA) in haploid cells 
and high (>lo0 colonies/pg  input DNA) in diploid 
cells. Tetrad analysis  of  stably transformed diploid 
strains demonstrated  that most transformants could 
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TABLE 2 

Varying fate of haploid cells fragmented with centric  versus  acentric  fragmentation  vectors 

%ore viabilitv of 
Transformation 

efficiency“ Acentric/Centric individual 
transformants**‘ fragmentation  Fragmenting Chromosomal - - 

vector site location  Haploid Diploid 4:O 2:2 

Acentric ori-p RNase H XIIIR Low High 0/6 6/6 
Acentric ori-p ARG4 VIIIR Low High 1/6 5/6 
Acentric on-p CEN4, adj.d IVL Low High 1 /6 5/6 
Centric on-d RNase H XIIIR High  High 6/6 0/6 
Centric on-d ARG4 VIIIR High  High 5/6 1/6 
Centric on-d CEN4, adj. IVL High High 5/6 11’6 

“Transformation efficiency: low, 0-10 colonies/pg  input DNA, high, >lo0 colonies/pg  input DNA. 
Diploid cells were sporulated after  transformation with either acentric or centric  fragmentation vectors and spore viability 

‘For each  transformant eight  to 12 tetrads were analyzed. In  each case, dissected tetrads  from  a given transformant yielded 

‘The  fragmenting site was immediately adjacent (adj.) to CEN4. 

was monitored. 

predominantly either 4:O or 2:2 viability. 

give rise to only two viable spores. These results  were 
consistent with the possibility that recombination of an 
acentric CFV with the target chromosome resulted in 
a terminal deletion,  deleting all sequences distal to  the 
site  of fragmentation.  The  generation of a chromo- 
somal terminal deletion can be adequately explained 
by both  gene conversion and reciprocal recombination 
models. In  the case of the  gene conversion model (the 
nonreciprocal exchange of genetic information), all  se- 
quences between the  unique DNA segment and the 
telomere on  the target chromosome would be  gene 
converted to vector sequence.  In  the case  of the recipro- 
cal recombination model (the reciprocal exchange of 
genetic information), all sequences between the  unique 
DNA segment and the telomere on the target chromo- 
some would be exchanged with sequences from the 
vector. In  the  latter situation, the result would be a CF 
containing all sequences proximal to the  unique DNA 
segment and a  broken chromosome that would be rap- 
idly lost. Both the  gene conversion model and the recip 
rocal exchange model are  expected  to result in loss  of 
all genetic material distal to  the  unique DNA segment. 
The loss  of a large segment of genetic material is ex- 
pected to be lethal to a haploid cell and  nonlethal  to 
a diploid cell (assuming the resultant partial monosomy 
is tolerated). 

Regardless of the mechanism by which these proxi- 
mal CFs were being formed, it seemed reasonable that 
the  generation of “distal” CFs would occur by a similar 
process.  However, high transformation efficiencies 
were  observed in both haploid and diploid cells trans- 
formed with distal CFVs (Table 2 ) .  The high transfor- 
mation efficiencies  were independent of the target sites, 
since fragmentation at  either RNase H, ARG4 or CEN4 
gave similar results. Furthermore,  tetrad analysis of in- 
dependently transformed diploid cells  typically resulted 

in four viable spores. These results  were consistent with 
the  notion  that duplication of the distal chromosome 
segment was occurring, yielding partial disomes in hap- 
loids and partial trisomes in diploids. 

Acentric CFVs (ori-p) result in a 2N-1 +CF karyotype, 
whereas  centric CFVs (orid) result in a 2N+CF karyo- 
type: Since the fate of haploid and diploid cells  dif- 
fered when transformed with acentric or centric CFVs, 
we speculated that  the fate of the targeted chromosome 
also differed. It seemed possible that whereas  loss of all 
sequences distal to the site of fragmentation occurs with 
acentric CFVs (ori-p),  perhaps  a gain of all sequences 
distal to the site of fragmentation occurs with centric 
CFVs (ori-d).  To test  this hypothesis, however, it was 
necessary to determine which chromosome had  been 
targeted for fragmentation and to determine  the subse- 
quent fate of that chromosome. This was accomplished 
by taking advantage of a chromosome 111-length  poly- 
morphism,  due to the presence of one  or more copies 
of a repetitive element on the right arm of chromosome 
111. Several haploid strains were  analyzed by PFGE for 
chromosome 111-length polymorphism. Two strains, 
YPH34 MATa andYPH45 MATa, were selected because 
their chromosome 111s (termed  IIIa  and IIIa, respec- 
tively)  were  readily distinguishable by PFGE. These 
strains were mated  and  the resulting diploid, WH49, 
was used for subsequent experiments. 

A random and unique DNA segment from chromo- 
some 111, named D8B (NEWLON et al. 1991), was chosen 
as the target site. The D8B sequence lies -10-15 kb 
to  the left of E N 3 .  Both acentric (YCFl/D8B ori-p) 
and centric (YCF2/D8B ori-d) CFVs were constructed. 
These vectors  were linearized with BglrI and trans- 
formed  into WH49.  The karyotypes of stable indepen- 
dent transformants were  analyzed by PFGE. In Figure 
2 (left panel, lanes 1-6), the karyotypes of six trans- 
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YCFlD8B (acentric,  ori-p)  YCF2/D8B  (centric,  ori-d) 
P 1 2 3 4 5 6   P 1 2 3 4 5  6 

2N- 1 +CF  (partial monosomy) 

IIIa C - 0  
II Ia  C-o + 

#YCF2/D8B (ori-d) + 
CF.d d 
IIIa C 
I I Ia  . C - o  

2N+CF  (partial trisomy) 
FIGURE 2.-Fate of a diploid cell varies after  transformation with acentric  and  centric CFV. Top, karyotypic analysis by PFGE 

of YPH49 transformed with the  acentric ori-p CFV (YCFl/D8B) (left  side) or the  centric ori-d CFV (YCF2/D8B) (right  side). 
Lanes  indicated  are as follows: P, diploid  parent (YPH49); 1-6, independent  transformants  from  each  fragmentation vector, 
respectivelv. Chromosome 111 from the MATa or MATa original  haploid  parent  are  indicated by IlIa or IIIa, respectivelv. The 
proximal CF (left) is indicated hv CF.p and migrates just below band 1 ;  the distal fragment  (right) is indicated by CF.cl and also 
migrates below band 1, but is smaller than CF.p. Below each PFG a schematic  of  the  fragmentation  event is diagrammed.  Left, 
the  diploid  strain YPH49, polymorphic  for  chromosome I11 length as indicated, was transformed with the linearized acentric 
CFV fragmenting in a CENproximal direction. The result was loss of  the  targeted  chromosome (IIIa or IIla) and gain of a 
proximal  fragment to yield a partial monosome  (2N-l+CF). Right, YPH49 was transformed with the lincrized centric CFV 
fragmenting in a CEiVdistal direction. The result was gain of a distal CF  and  retention of the  targeted  chromosome to yield a 
partial trisome (2N+CF). 0, unique DNA element D8R (black  triangle  indicates  genomic  orientation); 0, endogenous  chromo- 
somal CEN; ., vector CEN, open oval, telomere. 

formants  canying  acentric CFV (YCFl/D8R ori-p)-de- 
rived chromosomal fragments are shown. All six trans- 
formants gave  rise to a proximal CF (indicated by CF.p) 
that migrated at  either 180 or 200 kb. The proximal 
CFs contained  the  right  arm  chromosome 111-length 
polymorphism. The sizes  of the CFs vary depending 
upon which chromosome 111 had  been  fragmented. In 
each of the six transformants, one of the two chromo- 
some 111s (IIIa or IIIa) was visibly absent. It was evident 
that a relationship existed between the size  of the CF 
and  the missing chromosome. The longer CF (lanes 2, 
3, and 6 )  was present only when the  longer  chromo- 
some 111 (IIIa) was absent. Likewise, the  shorter CF 
(lanes 1, 3, and 4) was present only when the  shorter 
chromosome 111 (IIIa) was absent. 

In contrast,  transformation ofYPH49 with the  centric 
CFV (YCF2/D8B ori-d) caused quite  different karyo- 
typic outcomes. A fragment  (indicated by CF.d) was 
visible  in each of the six transformants  (right  panel, 
lanes 1-6), but loss of the target chromosome was seen 

in  only one of the six transformants  (lane 4, chromo- 
some I I Ia ) .  No difference in CF length was expected 
since the  length of the left arm of chromosome 111 distal 
to D8B is similar between chromosome IIIa and IIIa 
(-100 kb).  Therefore, consistent with data  presented 
above, fragmentation with the acentric CFV resulted in 
the gain of a chromosome  fragment and  the loss of the 
targeted  chromosome (a 2N-1 +CF karyotype); whereas 
fragmentation with the  centric CFV resulted in gain of 
a CF and  no loss of the targeted chromosome (a 2N+CF 
karyotype). In separate  experiments, haploid strains 
transformed with the centric CFVs (ori-d) also showed 
generation of an identical, distal CF to give a lN+CF 
karyotype (data  not  shown). In this and  other fragmen- 
tation experiments,  the loss or gain of genetic material 
distal or proximal to  the sites of fragmentation was veri- 
fied by Southern blot analysis using probes derived 
from genes  found  either distal or proximal to those 
sites (data  not  shown). 

Quantitation of target chromosome  duplication vs. 
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loss: To  quantitate  more accurately the efficiency  of 
chromosome duplication us. chromosome loss, 53  inde- 
pendent  acentric CFV (ori-p) and 138 centric CFV (ori- 
d) transformants were analyzed by  PFGE (Table 3). Tar- 
get chromosome loss coupled with  CF gain (2N-l+CF) 
was observed in 92% of the  acentric CFV (ori-p) trans- 
formants analyzed, while the  remaining 8% gained  a 
CF but  did not lose the  target  chromosome  (2N+CF). 
By contrast, 89% of the  centric CFV (ori-d) trans- 
formants were 2N+CF, while the  remaining 11% were 

Since the D8B locus lies on  the left arm of chromo- 
some 111, we wanted to test whether duplication or loss 
of genetic material also occurs when fragmentation is 
targeted on  the right  arm of chromosome 111. A random 
and unique DNA segment, designated H9G (NEWLON 
et al. 1991) that lies  -70 kb to the  right of CEN3, was 
targeted using acentric CFVs (ori-p) and centric CFVs 
(ori-d). Similar percentages of chromosome loss or 
chromosome  duplication were obtained when frag- 
menting  at H9G as compared with  D8B.  Of the 11 acen- 
tric CFV (ori-p) transformants analyzed, eight  had  a 2N- 
1 +CF karyotype, while  only three were 2N+CF. Of the 
26 centric CFV (ori-d) transformants analyzed, 21 had 
a 2N+CF karyotype, while  only five were 2N-l+CF.  It 
is clear, therefore,  that  the  predominant  outcome  of 
chromosome  fragment  formation is either  duplication 
of all sequences distal to the site of fragmentation (with 
centric ori-d CFVs) or  retention of  all sequences proxi- 
mal to the site of fragmentation (with acentric ori-p 
CFVs) . 

Formation of isochromosomes: The  data presented 
above strongly suggest that  chromosome  fragmentation 
with a centric CFV in a  centromere distal orientation 
results in duplication of  all sequences distal to the site of 
fragmentation.  To invoke a reciprocal recombination 
model or a gene conversion model to explain these 
data, it is necessary to propose  that  fragmentation  occur 
in G2 (after replication of sister chromatids) and that 
the  fragment  then cosegregate or non-disjoin with the 
sister chromatid. An alternative model, which does not 
necessitate fragmentation in G2 followed by non-dis- 
junction, is that replication of chromosomal sequences 
occur by an  unscheduled DNA replication event. To 
assess this possibility, a test was designed to determine 
whether  a  chromosome  arm could be reduplicated  dur- 
ing CEN-distal chromosome  fragmentation. The idea 
was to determine if a chromosome  fragment could be 
generated  demanding  that  both  the left and right  arms 
of the CF be derived from the same unique DNA target 
segment, The resultant  chromosome  fragment would 
be  an  “isochromosome” (IsoCF) and would consist of 
a  centromere  flanked by  two identical  chromosomal 
arms. To accomplish this, a centric CFV containing 
two copies of the D8B locus, both  oriented in the CEN 
distal direction, was created (Figure 3A). This vector 

2N- 1 + CF. 

TABLE 3 

Quantitation of chromosome break copy duplication 

No. Karyotype” 
transformants 

Vector analyzed 2N+CF 2N-1 +<X 
Acentric YCFl/DSB 

ori-p 52, 4 (8) 49 (92) 
Centric YCF2/D8B ori-d 138 123 (89) 15 (11) 

‘‘ Karyotype was determined by PFGE. Values i n  parentheses 
are percentages. 

was called an isochromosome fragmentation vector 
(IsoCFV). It was predicted  that isochromosome forma- 
tion would not be possible in a  haploid strain if recipro- 
cal exchange were the mechanism. This would require, 
after S-phase, that  both sister chromatids  donate  their 
respective distal fragments onto the CFV. In haploid 
cells,  this is certain to be a  lethal event. Gene conversion 
is not possible in this situation because the IsoCFV does 
not contain  end-points  that would permit a conversion 
event. 

To first determine if an IsoCF could he generated, 
the IsoCFV (YCF2/D8B-D8B ori-d, ori-d) was linearized 
between the  cloned D8B segments and transformed 
into  the diploid strain YPH49. The transformation effi- 
ciency was -14-25% that of  CEN-distal or CENproxi- 
mal CFVs and did not differ significantly from a linear- 
ized  plasmid designed to delete  the D8B region (Figure 
3A). Transformation efficiency of a circular CEN plas- 
mid and a plasmid designed to gap-repair the D8B re- 
gion are shown for  comparison. Seventeen of the 27 
stable IsoCFV transformants (total  from two indepen- 
dent experiments) were analyzed by PFGE. Sixteen had 
a CF of the  expected 200 kb length equal to twice that 
of the D8B CXN-distal  CF (100 kb) (data  not  shown). 
Of those 16 analyzed, nine  had lost one of the two 
Chromosome 111s (2N-1 +IsoCF) and seven retained 
both  chromosome 111s (2N+IsoCF).  Southern  blot anal- 
ysis confirmed  that these chromosome fragments were 
indeed derived from sequences distal to D8B (data  not 
shown). While the  rate of target  chromosome 111 loss 
was higher  than seen with the LEV-distal CFV (YCF2/ 
D8B), it is possible that  the initiation of two replication 
forks,  either one  behind  the  other  on  the same chromo- 
some, or  on separate  chromosomes, could compromise 
the stability of the  targeted chromosomes. Since the 
rate of target chromosome loss  with  YCF2/D8B (ori-d) 
was 11% (Table 3 ) ,  it was expected  that  the rate of 
chromosome loss  with  YCF2/D8B-D8B (ori-d, ori-d) 
would be at least two times greater. 

To demonstrate  that  chromosome  duplication was 
occurring,  the ability  to generate isochromosomes in 
haploid strains was tested. The YCF2/D8B-D8B (ori-d, 
ori-d) IsoCFV was transformed into  the  haploid strain 
WH45  and stable transformants were selected. The 
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B 

A Chromosome  restructuring  Predicted  structural # of stable transformants 
vectors alteration 1 2 

i Circular CEN plasmid 1100 1600 

ii 4-e CEN-distal CF formation 45 106 

111 
... 

CEN-proximal CF formation 25 75 

iv  Gap-repaired  plasmid 50 138 

v Chromosomal deletion 18 15 

vi Isochromosome formation 12 15 

P 1 2 3 4 5  

FIGCRE 3.- (A)  Schematic  of  chromosome  restructuring  vectors with associated  transli)rm;~tion cl‘licicncics. (1.cI.t) A sclwnatic 
of  the DNA transformed is shown with the  predicted  structural  alteration  (middle). I n  all situations  the  target  site was DHI3 o n  
chromosome Ill. In  each  experiment, 3 pg of DNA was transformed  into  the  diploid YPH49. (Right)  The  numher of stahlr 
transformants  from two independent  experiments is indicated.  The  transformation efficiency of a circular CXVplasmid is shown 
for  Comparison.  In our experience, -100% (i), 79-90% (ii, iii, iv), and 60-80% (v, vi) of  stable  transformants yield the  predicted 
structure as determined hv PFGE and  Southern  blotting. 0, unique DNA element D8R; closed  circle,  vector CF,’X open owl, 
telomere. (B)  PFGE  analysis of YPH47 transformed with the  isochromosome  fragmentation  vector  YCF2/D8RD8R (ori-d, ori- 
d).  Lane P, parent;  lanes 1-5, independent  transformanb.  The  IsoCF is indicated hv the  arrow  and  comigratcs.jrtst helow hand 
1 .  Note  the  increase  in  ethidium  hromide  staining. 

transformation efficiency in such  experiments was typi- 
cally low ( < 5  stable  colonies/pg  input DNA), but as 
shown in Figure SB, isochromosomes were indeed  gen- 
erated. In this particular  experiment  four of the five 
transformants analyzed (lanes  1-3  and 5) had  gener- 
ated  an  isochromosome.  The IsoCFs, noted by arrows, 
migrate  just  beneath  band 1 (chromosome I 230 kb) 
at -200 kb and are twice the size of a D8B distal CF. 

Taken  together,  these  experiments clearly demon- 
strate  that  transformation of a haploid  strain with a 
centric YCF2/D8B (ori-d)  generates a partial  disome, 
and in a diploid  generates a partial  trisome.  Transfor- 
mation of a haploid with an IsoCFV  (YCF2/D8B-D8B) 
also generates a partial  trisome. The simplest  explana- 
tion for these results is that  the CFV containing  either 
one  or hvo free  ends with homology  to D8B invades 
the  endogenous  chromosome  and initiates either  one 
or two replication  forks that  proceed to duplicate to 
the  end of the  chromosome. 

Break copy  duplication: As described  above, two of 
the models that  might potentially  explain how a linear- 
ized chromosome  fragmentation vector  recombines 
with the  endogenous  target  chromosome  to  generate a 
chromosome  fragment  are  gene conversion  of chromo- 
somal  sequences  to CFV sequences, and reciprocal re- 
combination  between  the  chromosome  and  the CFV 
(SUKOSW and ?LE 1985; MURRAY and SZOSTAK 1986; 
VOLLRATH et al. 1988).  Neither of these  models, how- 
ever,  adequately  accounts  for  the  chromosome frag- 
mentation  products  described  here. M’e postulate, 
rather,  that  CEMistal CF  formation is the  product of 
a unidirectional  replication  fork,  initiated by the CFV 

that, we speculate,  resembles a half-gap or break.  This 
replication  fork proceeds to duplicate all sequences dis- 
tal to  the site of initiation. The term  break copy duplica- 
tion is used to describe this model. In addition, we 
suggest that  break copy duplication  occurs  at  high fre- 
quency in a CEMistal  direction,  but  not in a (:l.:N 

proximal  direction,  because  during  unscheduled DNA 
replication the replication  fork  becomes blocked at  the 
centromere. 

Break copy  duplication is inhibited by the  centro- 
mere: The acentric CFVs (ori-p)  targeting D8R, H9G, 
RNase H, or  ARC4 (resulting  predominantly i n  a 2N- 
l+CF karyotype) have in common  the fact that frag- 
mentation is directed toward the  centromere. If break 
copy duplication  occurs in both CI.:Ndistal and CEN 
proximal  directions,  but  in  the C11.:hrproximal direction 
that  duplication is blocked by a ri.Felement, then a can- 
didate  for  that  &element would be  the  centromere. 
To test  this  hypothesis, the  centromere was moved into 
a new location.  A  diploid  strain was constructed in 
which one of the two chromosome I11 centromeres  had 
been  transposed  into a site distal to D8B (Figure 4). A 
haploid  “transpocentric”  strain, JlOl-T.i5A, w;1s o h  
tained  from SHIKLEEN ROEDER (Yale University). J lOl-  
T55A was constructed  using a double  gene  replacement 
technique  in which the  normal CENfrom chromosome 
111 was deleted  and a 211-bp subclone of (YN3 was 
simultaneously  inserted into  the HIS4 locus  [for  con- 
struction ofJ101-T55A, see L A M R E  and ROEDEK (1986, 
19SS)l. The HIS4 locus is on  the left arm of chromo- 
some 111, distal to the D8R locus. This  haploid  strain 
was mated to strain YPH47 that  contains (;EN3 in the 
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his4 

IIIC.N c 

IIIC.T 

=375kb 
I I  0 

leu2 A 
I =340kb 
I + 

YCFlD8B on-d 4- Or 

YCF2D8B on-d 4- Or 

YCFlD8B on-p + Or 

YCF2D8B on-p b - Or 

- his4 * his4 

Acentric 
Monocentric 

Monocentric 
Dicentric 

--= Monocentric 
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0 Acentric 
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FIGURE 4.-Schematic of the  chromosome 111s from the heterotranspocentric strain. The heterotranspocentric strain YDMlO 
was created by mating the haploid strain WH47 (MATa) with  J101-T.55A (MA%).  The centromere of chromosome 111 from 
YPH47, indicated bv IIIC.N, is located in i t s  normal position. The centromere of chromosome I11 from J101-T55A, indicated by 
IIIC.T, has been transposed into  the HIS4 locus distal to D8B. Transformation with one  of the  four CFVs will result in the 
formation of either a stable monocentric CF, an unstable acentric CF, or an unstable dicentric CF. 0, unique DNA element 
D8B (black triangle indicates genomic orientation); 0, endogenous chromosomal CEN 0, vector CEN open oval, telomere. 

normal  chromosome I11 position. The chromosome 111s 
from J101-T55A and YPH47 are  herein called chromo- 
some 1IIC.T (transpocentric) and 1IIC.N (normal), re- 
spectively. Since YPH47 and J101-T55A are polymor- 
phic  for  chromosome I11 length,  the fate of the targeted 
chromosome could be determined by  PFGE. This  “het- 
erotranspocentric”  diploid strain (YDMlO)  was trans- 
formed with linearized centric (YCFP), or acentric 
(YCFl) CFVs with the target D8B site cloned in either 
orientation (ori-p and  orid). Even though each of the 
four  fragmentation vectors can target  either  the  normal 
(1IIC.N) or transpocentric  chromosome  (IIIC.T), stable 
transformants will arise only when a monocentric frag- 
ment has been  generated  (Figure 4).  Analysis  of chro- 
mosome fragment  length by  PFGE enabled  the unam- 
biguous assignment of a CF to the chromosome from 
which it was generated  and permitted an accurate  deter- 
mination of the targeted  chromosome’s fate. If the 
model of centromere  inhibition of break copy duplica- 
tion were correct,  then transposition of the  centromere 
to a new location should result in transposition of the 
target  chromosome loss phenotype. 

The heterotranspocentric  strain YDMlO  was trans- 
formed with each of the  four CFVs. Transformants were 
analyzed by  PFGE for  the  presence CFs, the  lengths of 
those CFs, and maintenance of the  targeted  chromo- 
somes (Table 4) .  Transformation with the acentric 
YCFl/D8B (orid) should  generate a stable trans- 
formant only when the transpocentric  chromosome 
serves as the target. All 40 transformants analyzed con- 
tained a CF  of the  predicted  length (100 kb)  and 70% 
had a 2N-1 +CF karyotype. In each case, the 1IIC.T chro- 

mosome was lost. Most transformants with the  centric 
YCF2/D8R orid vector, on  the  other  hand, yielded a 
2N+CF karyotype. In each case, the CF  was of the  pre- 
dicted 100 kb length. As was expected, 81% of the acen- 
tric YCF/D8B ori-p transformanb  had a 2N-l+CF 
karyotype. 

These results clearly demonstrate  that transposition 
of the  centromere to a new location results in transposi- 
tion of the  target  chromosome loss phenotype. The 
centromere,  therefore, is sufficient to inhibit break 
copy duplication, presumably by inhibiting  the progres- 
sion of replication forks during these unscheduled DNA 
replication events. 

DISCUSSION 

In this article we propose a model,  termed break copy 
duplication,  to describe the  phenomenon observed 
when chromosome  fragmentation vectors are intro- 
duced into yeast. The model arose from differences 
observed in the fate of strains transformed with acentric 
or centric CFVs. Stable transformants could be effi- 
ciently created in diploid cells, but  not haploid cells, 
transformed with acentric CFVs. Transformation with 
centric distal CFVs, however,  gave a different result as 
both  haploid and diploid strains were  stably trans- 
formed at equivalent levels. Subsequent analysis of 
transformants demonstrated  that  acentric CFVs re- 
sulted in the gain of a CF and loss  of the targeted 
chromosome (2N-1 +CF); whereas centric CFVs usually 
resulted in gain of a CF without loss of the targeted 
chromosome  (2N+CF).  Thus,  the break copy duplica- 
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TABLE 4 

Quantitation of break copy  duplication in a  heterotranspocentric diploid strain 

379 

Vector 

Chromosome I11 
lost in  the  2N-l+CF 

No. of stable 
transformants firyotype  transformants 

with CF/total“* 2N+CFb 2N-1+  CF*  1IIC.N.  1IIC.T 

Acentric YCFl/D8B ori-d“ 40/40 (100) 12 (30) 28 (70) 0 28 
Centric YCF2/D8B o r i d  16/20 (75) 12 (75) 4  (25) 2  2 
Acentric YCFl/D8B on-p 27/27 (100) 5  (19) 22 (81) 22 0 
Centric YCF2/D8B on-p 21/24 (88) 10 (48) 11 (52) 2 9 

~ ~~~~ ~~~ ~~ ~ ~~~ ~ ~~ ~~ ~~~ 

a Chromosome fragment gain and chromosome loss were determined by  PFGE. 
* CF formation not considered if not of the predicted size. It was expected  that some centric YCFP trans- 

formants would generate unstable  dicentric CFs that might rearrange to  form CFs  of aberrant sizes.  Values in 
parentheses are percentages. 

Orientation is relative to the normal centromere position. 

tion model maintains that  introduction of a  linear DNA 
molecule (Figure 5i) or half-gap  invades a  chromo- 
somal target and (ii) initiates an  unscheduled DNA r e p  
lication event manifested by a unidirectional replication 
fork that  continues until it reaches either (iii, right 
panel)  the  end of the  chromosome or (iii, left panel) 
a  centromere. If a  centromere is encountered,  the repli- 
cation fork becomes blocked. Resolution of the pre- 
dicted “Holliday” junction (iv) and selection for the 

CEN-proximal  fragmentation 
CEN 

1- 

chromosome fragment results in the gain of a chromo- 
some fragment and  either loss ( CENproximal) or reten- 
tion ( CENdistal)  of the targeted chromosome. It is  hy- 
pothesized that  an endonucleolytic break, or nick, must 
also occur,  perhaps  near  the  centromere, resulting in 
loss  of the  endogenous chromosome (iii, left panel). 

The break copy duplication model described here is 
similar to the double-strand-break repair model pro- 
posed by SZOSTAK et al. (1983) as a mechanism for mei- 

CEN-distal  fragmentation 
Telomere . 

h 

... 
1l l  \ 

iv 

FIGURE 5.-Break copy duplication:  a mechanism for the  generation of chromosome fragments. Transformation with a 
linearized CFV leads to (i) invasion of the chromosomal duplex  at  the target site (ii), which initiates a  unidirectional replication 
fork. We postulate that this replication fork  proceeds  to  duplicate the chromosome  until (left, iii) a centromere is encountered 
or until (right, iii) the  end of the chromosome is reached. If a centromere is encountered (left, iii),  the unscheduled DNA 
replication event is blocked. Resolution of the predicted Holliday junction (iii; indicated by arrows) and selection for the 
chromosome fragment yield (left, iv)  loss  of the target  chromosome and gain of a CF or  (right, iv) retention of the  target 
chromosome and gain of a CF. It is predicted  that  a nick (left, iii) must occur somewhere along the target  chromosome  to 
permit chromosome loss. 
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otic recombination. This model argues that  a double- 
strand break is made in one duplex, and nucleolytic 
degradation  then  expands  the gap. Invasion into  the 
intact duplex followed by  two-sided replicative repair 
fixes the double-strand break. The primary difference 
between break copy duplication and double-strand- 
break repair is that in break copy duplication only one- 
sided, or half-gap,  replicative repair is initiated, as op- 
posed to two-sided  replicative repair. This is similar to 
the  “break and replicate” model proposed ~ ~ V O E L ~ L -  
MEIMAN and ROEDER (1990a,b) to explain the  extended 
tracts of gene conversion seen downstream of HOTl, a 
&acting element  required for RNA polymerase I tran- 
scription. HOTl promoted  an increase in mitotic inter- 
chromosomal gene conversion, and chromosomes con- 
taining HOTl were  shown to preferentially receive  ge- 
netic information  during  gene conversion. It was 
postulated that  a double-strand break occurs at the 
HOTl site, resulting in a  free 3’ end that invades the 
homologous chromosome and initiates replicative  re- 
pair. Of significance to  the break copy duplication 
model was the extensive amount of gene conversion, 
as far as 77 kb from HOTl, observed. In this paper, 
duplication events extend  up to 230 kb, but we have 
observed duplications extending as long as 365  kb (D. 
M. MORROW, unpublished observations). Work  in other 
systems, including bacteriaphage T4, also supports  a 
mechanism of double-strand break repair  that includes 
an extensive amount of  DNA replication (MOSTIG 1983; 
GEORGE and KREUZER 1996). Recently, MALKOVA et al. 
(1996) described a  phenomenon observed during HO 
endonuclease-induced cleavage  of chromosome I11 at 
the MAT locus. They demonstrated  that diploid S. cere- 
visiae strains were capable of repairing  an HO endonu- 
clease-induced double-strand break at  the MATa site of 
chromosome 111. This repair was RAD52 dependent, 
and RAD51 independent. Interestingly, 35%  of the 
rad5lA diploid strains were capable of repairing  the 
broken chromosome, resulting in homozygosity  of 
markers distal to the break on  the  right  arm of chromo- 
some 111, but heterozygosity of markers on  the left arm 
of chromosome 111. MALKOVA et al. speculated that  a 
mechanism requiring DNA replication, initiated by in- 
vasion of  a  broken end  into  the homologous chromo- 
some, could account for the  products they observed. 
They called this phenomenon break-induced replica- 
tion (BIR). We speculate, as did MALKOVA et al., that 
the models of break copy duplication, BIR, and break 
and replicate are similar, if not identical. These data, 
taken together,  support  the  notion  that replicative  re- 
pair is not only an essential component of double- 
strand-break repair,  but  that  it is an extremely efficient 
process that can extend  hundreds of  kilobases. 

Perhaps  the most convincing data  presented  here 
that duplication of  DNA  is the primary model for the 
creation of a chromosome fragment is the demonstra- 

tion that isochromosome fragments can be generated 
efficiently. When a haploid cell, with a single copy  of 
the DNA segment distal to D8B,  was transformed with 
the isochromosome fragmentation vector, a strain was 
produced  that  contained  three copies of  DNA distal to 
D8B. The simplest model to  account for this increase in 
segmental aneuploidy is chromosome arm duplication 
initiated by each of the two targeting segments of the 
fragmentation vector. 

Our data establish that break copy duplication is a 
highly efficient process in a  CEMistal  direction,  but 
not in a CENproximal direction. The primary differ- 
ence between the two directions is the presence of a 
centromere. We specifically tested the role of the cen- 
tromere in the  inhibition of break copy duplication by 
using a strain where the  centromere  had  been trans- 
posed into  a new location, distal to the target site. Trans- 
position of the  centromere resulted in transposition of 
the target chromosome loss phenotype. We conclude 
that  the  centromere is sufficient for inhibiting break 
copy duplication. 

One interesting result from the analysis of chromo- 
some fragmentation in  the  heterotranspocentric strain 
was the  finding  that  more YCF2/D8B ori-p trans- 
formants than  expected  had  a 2N-1 +CF karyotype. Ap- 
proximately 50% showed  loss  of a chromosome 111, and 
of those, the 1IIC.T chromosome was lost predomi- 
nantly. One possible explanation is that  other cisele- 
ments, situated between D8B and H9G, might be pres- 
ent.  It has been rigorously demonstrated  that  the yeast 
centromere consists  of a nuclease protected core sur- 
rounded  on  either side by highly organized nucleoso- 
mal  arrays of chromatin (BLOOM and CARBON 1982). 
This highly organized structure is not propagated if 
foreign DNA (e.g. ,  bacterial sequences) or yeast  DNA 
from other regions is placed next to the  centromere. 
This suggests that  the specific DNA sequence sur- 
rounding  the  centromere  contributes to these nucleo- 
somal arrays. Perhaps in the  heterotranspocentric 
strain, highly organized chromatin remains, contribut- 
ing to the target chromosome loss phenotype. An addi- 
tional explanation could be  that  a hot-spot for Holliday 
junction resolution lies  in the region between D8B and 
H9G. Further investigation is required, however, to ad- 
dress these possibilities. 

The centromere and its associated kinetochore pro- 
teins represent  an  important and privileged site on yeast 
chromosomes that is responsible for complexing to mi- 
crotubules and ensuring  both  proper chromosome 
movement and segregation (see review by PLUTA et al. 
1995). The core of the  centromere consists of a 125-bp 
region containing  centromere DNA elements I, I1 and 
I11 (FITZGERALD-HAYES et al. 1982) that  bind  the kineto- 
chore’s protein  components. The 21  1-bp element  from 
cEN3 transposed by LAMBIE and ROEDER (1986, 1988) 
contains this 125-bp core. Using these centromere- 
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transposed strains, LAMBIE and ROEDER were able  to 
demonstrate  that cross-over events and meiotic gene 
conversion events are strongly inhibited in regions con- 
taining  centromeres.  GREENFEDER and NEWLON (1992) 
used two-dimensional gel analysis to show that  during 
mitotic Sphase, replication forks pause and thereby ac- 
cumulate when they encounter a  centromere.  A correla- 
tion existed between the nuclease resistant core  and 
the replication fork pause suggesting that  protein com- 
ponents of the  centromere were responsible for  the 
pausing. These  data  support  the  notion  that  centro- 
meres  are  indeed privileged sites on yeast chromosomes 
and  support  our  contention  that unscheduled DNA rep- 
lication or break copy duplication is inhibited by centro- 
meres. Although replication fork pausing is not directly 
tested here, break copy duplication is.  We suggest that 
the transpocentric results demonstrate  that  the  centro- 
mere is not only sufficient for  inhibition of break copy 
duplication,  but  that  the  centromere and  perhaps se- 
quences immediately flanking the  centromere  are likely 
the only regions capable of inhibiting  break copy dupli- 
cation. 

Interestingly, the break copy duplication  model also 
accounts  for observations made by VOELKEL-MEIMAN 
and ROEDER (1990a,b) and by MALKOVA et al. (1996). 
Though sites proximal to HOT1 were  occasionally gene 
converted, VOELKEL-MEIMAN and ROEDER did not ob- 
serve gene conversion extending proximally through 
the  centromere. They postulated  that  the  centromere- 
containing  fragment preferentially serves  as the  primer 
for replicative repair. Theoretically, either  the te- 
lomere- or centromere-containing  fragments could 
serve  as primers  for replicative repair;  but if replication 
in  a CEIVproximal direction was blocked by the  centro- 
mere as occurs during break copy duplication,  then 
only centromere  fragment  initiated  repair would be ob- 
served. VOELKEL-MEIMAN and ROEDER, in fact, specu- 
lated  that this was a possibility. A similar argument can 
be made  for  the findings of MALKOVA et al. They did 
not observe BIR extending  centromere proximally ( i e . ,  
toward CEN3). It is likely that BIR  was inhibited by the 
centromere. 

The inhibition of break copy duplication by the cen- 
tromere may reflect a  more  general level  of replication 
control.  It is generally believed that  centromeres repli- 
cate early in Sphase (MCCARROLL and FANGMAN 1988), 
and thus it is conceivable that replication at  other times 
is not permitted. Regulation of the cell cycle stage when 
centromere replication is permitted  might  ensure  that 
only the  centromere side of a  broken  chromosome can 
serve as a  primer  and be the  recipient of genetic infor- 
mation.  Perhaps consistent with this hypothesis, we ob- 
served some variability in  the  percentage of trans- 
formants  that  did not lose a  chromosome  but  did gain 
a CF when transformed with acentric CFVs. One expla- 
nation is that  a  greater  percentage  of  the transforma- 

tion competent cells were in  a stage of the cell cycle in 
which replication through  a  centromere was permitted. 

One important  consequence of the findings de- 
scribed here is the possibility that  during integrative 
transformations,  including one-step gene  replacement 
(ROTHSTEIN 1983; BAUDIN et al. 1993),  complete dupli- 
cation of the  chromosome  could  occur.  In fact, we have 
observed that  duplication does occur in a  percentage 
of transformants (data  not  shown).  It is therefore essen- 
tial to analyze multiple transformants when doing integ- 
rative transformations. It is also important  that analysis 
of transformants be done by Southern  blotting, since 
polymerase chain reaction analysis might  demonstrate 
the  presence of a correctly integrated DNA fragment, 
but  might not show the  presence of a  duplicated  chro- 
mosome. 

Why would a cell  have  evolved a mechanism to inhibit 
duplication in a CENproximal direction?  It is interest- 
ing to speculate  that if such a mechanism did not exist 
and a cell developed a double-strand break,  the initia- 
tion of replicative repair in both CENdistal and CEN- 
proximal directions would result in a trisomic strain. 
Inhibition of unscheduled DNA replication in one ori- 
entation  (in  the CENproximal direction) assures that 
only one arm of a  broken  chromosome (the  CEkon- 
taining arm) serves to initiate DNA replication. The 
results reported  here may, therefore, have important 
implications for how  cells maintain ploidy during DNA 
repair of broken whole chromosomes and  for  chromo- 
some evolution. 
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