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Joining of linear plasmid DNA is reduced and
error-prone in Bloom's syndrome cells
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A linearized, replicating, shuttle vector plasmid, pZ189,
was used to measure in vivo DNA joining ability of cells
from patients with the cancer-prone, immunodeficient,
chromosome breakage disorder, Bloom's syndrome (BS).
The BS cell lines we studied were reported to contain
reduced in vitro activity of DNA ligase I. We assessed in
vivo joining ability by transfecting linear plasmids with
overlapping or blunt ends (produced by EcoRl or StuI)
into BS and normal fibroblast or lymphoblast host cells
and measuring the amount of re-joined, replicated
plasmids by their ability to transform bacteria. With
plasmids having either overlapping or blunt ends we
found a 1.3- to 3-fold lower (P < 0.05) joining efficiency
in BS cells than in the normal cells. The mutation
frequency of the recovered plasmids was measured by
screening for function of the suppressor tRNA contained
in pZ189, for plasmid size, for presence of restriction
sites, or by DNA sequencing. The spontaneous mutation
frequency with the circular plasmid was 0.05-0.08%
with both BS cell lines, values 2- to 21-fold higher (P <
0.03) than with the normal cell lines. The mutation
frequency with the linear plasmid passaged through both
BS cell lines was 21-52%, values 1.4- to 5.4-fold higher
(P < 0.001) than with the normal lines. Detailed analysis
of 210 recovered plasmids revealed an increase (P <
0.001) in deletions, insertions or complex mutations at
the joining sites, and in point mutations with the EcoRI
cut plasmid with the BS cells in comparison to the normal
cells. These data support the hypothesis of an in vivo
DNA ligase deficiency in BS and in addition show an
error-prone DNA end-joining process and spontaneous
hypermutability. These abnormalities might be related
to the increased chromosome breakage and immune
dysfunction in BS patients.
Key words: Bloom's syndrome/DNA ligase/mutagenesis/
immunodeficiency/DNA sequencing

Introduction

Bloom's syndrome (BS) is a rare autosomal recessive
disease with a high cancer risk, immunodeficiency, growth
retardation and telangiectatic facial skin lesions (Hutteroth
et al., 1975; German et al., 1983, 1984; Gretzula et al.,
1987). Cells from patients with BS are characterized by an

elevated level of spontaneous sister chromatid exchanges
(SCE), chromosome breakage, spontaneous hypermutability
(Warren et al., 1981; Vijayalaxmi et al., 1983; Langlois
et al., 1989), a higher level of recombinogenic activity

(Bubley and Schnipper, 1987) and a DNA ligase I deficiency
in vitro (Chan et al., 1987; Willis and Lindahl, 1987).

In order to study DNA ligase activity in vivo, we
developed a host cell ligation (end-joining) assay analogous
to plasmid DNA repair host cell reactivation assays (Protic-
Sabljic et al., 1985; Bredberg et al., 1986; Seetharam et
al., 1987; Seidman et al., 1987), using the replicating
shuttle vector plasmid pZ 189 (Seidman et al., 1985). Linear
plasmid DNA was produced by digestion with restriction
endonucleases and then transfected into fibroblast or
lymphoblast host cells. After 2-3 days the plasmid was
harvested and unreplicated input plasmid was digested with
DpnI, which cleaves DNA with the methylation pattern
specific for DNA replicated in bacteria. Replicated plasmid
was used to transform bacteria and plated onto selective agar
dishes. Since only circular plasmids are able to replicate,
each bacterial colony reflected end-joining that occurred
during passage through the human cell. Scoring of bacterial
colonies allowed a quantification of the in vivo host cell DNA
end-joining process.
A mutagenesis marker gene in pZ189 allows screening

for fidelity of the end-joining process. Measuring plasmid
size, restoration of restriction sites and sequence analysis
also provides information as to the quality of the end-joining
process. Presence of the restriction site reflects faithful
end-joining, while a loss indicates an alteration of the joining
site.
We found a reduced in vivo end-joining of linear plasmids

by BS cells. The joining in BS cells was error-prone with
more modifications at the joining site and a higher rate of
point mutations. In addition, circular plasmids showed an
elevated spontaneous mutation frequency in BS cells.

Results
Plasmid survival
Transformation of bacteria with plasmid recovered after
passage of circular plasmid through fibroblast and lympho-
blast cell lines yielded a large number of bacterial colonies,
demonstrating that pZ 189 was able to replicate in both types
of cells. The yield of bacterial colonies was 1.9- to 3.6-times
lower after passage of the circular plasmid through BS cell
lines than through normal cell lines (P < 0.001): the means
were 1879 colonies/transformation in normal fibroblasts, 524
in BS fibroblasts, 14 856 in normal lymphoblasts and 7978
in BS lymphoblasts.

Southern blots of plasmid purified after passage of
linear plasmids through normal fibroblasts demonstrated
the presence of supercoiled and relaxed circular forms,
indicating that these cells have the ability to join the ends
of the linear plasmid in vivo (data not shown). No bands
could be detected with linear plasmids passed through BS
fibroblasts.
The yield of bacterial colonies formed after passage of

linear plasmid through the normal and BS cells was 5- to
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Fig. 1. Plasnid shuttle vector pZl89 used for host cell ligation
(end-joining) assays. The EcoRI restriction site at bp I is located
between the ampicillin resistance gene and the bacterial origin of
replication from pBR327. Both genes are essential lor plasmid survival
in bacteria grown in the presence of ampicillin. The EcoRI site is near
to the sulpF gene. which is used as a mutagenesis marker for point
mutations and deletions. The Stiil site (bp 3473) lies within the SV40
sequenccs essential for survival of the plasmid in mammalian cells.

200-fold lower than with the circular plasmid (P = 0.04
for linear plasmids in BS fibroblasts, P . 0.001 for BS
lymphoblasts and for the normal cell lines) (Figure 2). Since
replicated plasmids must go through a circular stage, these
colonies reflect joining that occurred during the passage
through the host cells. The lower yield with the linear
plasmids compared to the circular controls indicates that only
a portion of the transfected linear plasmids was circularized.
The relative number of colonies after passage of linear

plasmids through normal and BS cell lines was lower with
the BS cells than with the normal cells for both blunt and
overlapping ended plasmids (Figure 2). In BS fibroblasts the
survival of linear plasmids with overlapping ends and with
blunt ends was about 3-fold lower than in normal fibroblasts
(P = 0.03), indicating a 3-fold lower in Wimo joining
efficiency in BS fibroblasts. The 1.4- to 1.7-fold difference
in lymphoblasts was significant when comparing the
combined joining efficiency of BS lymphoblasts with normal
lymphoblasts (P < 0.05), but not significant separately for
overlapping and blund ended plasmids.

In all four cell lines the survival of linear plasmids with
blunt ends was lower than with overlapping ends (5.9 times
in normal fibroblasts, P = 0.02; 7.0 times in BS fibroblasts,
P = 0.05; 2.1 times in normal lymphoblasts, P = 0.01;
2.7 times in BS lymphoblasts, not significant). This indicates
that in vil'o joining of linear plasmids with blunt ends was
less efficient than joining of plasmids with overlapping ends.

Classification of mutant plasmids
Sequence analysis of 53 blue, light blue and white plasmids
recovered from BS and normal fibroblasts found a wide
range of deletions (3-371 bp), point mutations in the supF
gene (single and multiple), reverse insertions of plasmid
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Fig. 2. Survival of linear plasmid pZl89 in eithcr blunt or overlapping
ends after passage through nornmal or Bloom's syndrome cell lines and
transformation of E.coli. Numbers of bacterial colonies reflcct joining
efficiency to circular plasmid by the host cells. The survival of linear
plasmids was calculated separately for each independent sample (10
samples in fibroblast and 4-5 in lymphoblasts with EcoRI cut
plasmids; 4-6 samples with Stuil cut plasmids) as bacterial colony
counts relative to the colony counts of a parallel control sample with
untreated, circular plasmid and thcn averaged. The one-sided sign-test
was used to test significance of differences in the overall plasmiid
survival and Student's t-test was used to test for significance of
differences in the plasmid survival of plasmids with overlapping and
hlunt ends separately. The standard error of the melan (SEM) is shown
in error bars.

DNA (12-> 200 bp), insertions of non-plasmid DNA (58-
> 200 bp) and filling in of the overlapping ends at the EcoRI
site. An ambiguity in the precise location of some deletions
was due to short sequence junctional homologies ranging
from 1 to 10 bp (three out of 10 deletions at the EcoRI site
in BS fibroblasts, and four out of nine in normal fibroblasts).
The color of the bacterial colony generated by a mutant with
a deletion at the EcoRI restriction site made possible a
differentiation into small and large deletions: deletions less
than -110 bp were too small to inactivate the supF gene
and resulted in blue colonies. Deletions larger than - 215 bp
at least partially inactivated the supF gene, resulting in light
blue or white colonies. The location of the supF gene
between the ampicillin resistance gene, starting at bp 5343,
and the pBR327 ori gene, starting at bp 209 (Figure 1),
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Table 1. Criteria B0r classification of mutants of the plasmtid p/189 w-ithouLt sequencing

Input plasmid Color ol Plasmid si/c Conservation ot Classitication
hactcrial CoI(ins (cmnipared to sn ild-t\ pc restriction sitc'

Circular. U'(oaRI cut linear bhLue samle t ild-t\ pe
or Stlul cLIt linear s.tdalc sinlillcr (sinialI) deletion

1.larecrl- - - inlscrtionih or mlore comilpleX mIltation'
Circular or Fu(eRI cIut linear s hite 1lieht buLc samelll' print toiutation

same stiallicr - lare, deletion
latr^cr n- ilasertion or more complCX mlLutation"

Still cut lincar shitc lieht hluLe sallie poilit mutation
samellv -- insertion or imiore comiiplcx mutation"
smal IarLerr - insertion or imiore comiiplex mutation"

restriction sitc is conserved: - rcstr-ictionl site is lost+ - rcstriction site ma\ he either- conscrved mor- list.
h1 s rin a5lnsertion at joinino sitc.
cDclctions or inscrtions elsek here in thc plasmid or comihination of deletions or insertiotns plus poinlt utaLtionLs

limited the size of the possible deletions to less than
- 400 bp, because these two genes are essential for plasmid
survival. The largest deletion found was 371 bp. The largest
deletion at the Stiil site found with the Stlil linearized plasmid
was 18 bp. This site is located in a region essential for
replication in mammalian cells (the SV40 origin) and larger
deletions would inactivate the plasmid. Point mutations can
only be detected when they at least partially inactivate the
sulpF marker gene. Point mutations elsewhere in the plasmid
are not detectable.
Based on these sequencing results mutants were classified

into three categories. depending on color of the bacterial
colony, size of the mutant plasmid compared to the wild-type
size and restoration of the restriction site at which the plasmid
was linearized (Table I). These categories were: (i) deletions
at the joining sites. (ii) insertions at the joining sites or more
complex mutations (deletions or insertions elsewhere in the
plasmid or a combination of deletions or inseritions plus point
mutations) and (iii) point mutations. These criteria allow
classification of mutants without sequencing. but do not
permit differentiation bet\ween insertions and more comuplex
mutations.

In order to test these criteria, the results of the sequence
analysis of the 53 mutants was compared to their classifi-
cation using the non-sequencing criteria. Of the sequenced
imiutants. 96% (5 1 out of 53) would have beenl classified
correctly with these criteria. The two exceptions wvere
mutants with a small insertion or a complex mutation, that
were classified incorrectly as deletions or point mutations.

Frequencies and spectrum of mutations
With BS cell lines the spontaneous mutation trequencies wvith
the circular plasmid were 2.2- to 20.8-fold higher than with
normal cell lines (P . 0.03): mutations were 16 out of
73 274 colonies (= 0.022 + 0.005%7c ) in normal fibroblasts.
15 out of 31 781 colonies (= 0.047 ± 0.012%c) in BS
fibroblasts, 11 out of 297 109 colonies (_ 0.X4 ± 0.001(X)
in normal lymphoblasts and 65 out of 84 657 colonies (=
0.077 + 0.0095 %) in BS lymphoblasts.
When transfected wth linear plasmids. total mlutation

frequencies were 250- to 25 000-times hiwher than the
spontaneous mutation frequencies with the circular plasmid
(P < 0.001) (Figure 3). The plasmids passed through BS
cells showed a 1.4- to 5.4-fold higher (P c 0.001) mutation
frequency compared to plasmids passed through normal
cells.
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Table II. Frequency and types of mutations obtained after passage of linear plasmid pZ189 through Bloom's syndrome or normal cell lines

Normal Bloom's syndrome Bloom's/normal
(%) (%)

Linear plasmid with overlapping ends (cut with EcoRI)

Fibroblasts:
deletions at the EcoRI site 11.0 ± O.la 35.6 ± 0.1 3.2 P < 0.001
insertions at the EcoRI site or more complex mutations 8.3 + 0.6 12.9 ± 0.3 1.6 P < 0.001
point mutations 0.0 ± 0.0 3.9 + 1.1 - P = 0.001
total mutation frequency 19.3 ± 0.7 52.2 ± 1.5 2.7 P < 0.001
no. of analyzed plasmids (no. of independent samples) 73 (10) 30 (10)

Lymphoblasts:
deletions at the EcoRI site 23.6 ± 0.4 30.7 ± 0.6 1.3 P < 0.001
insertions at the EcoRI site or more complex mutations 7.7 ± 0.1 17.5 i 0.6 2.3 P < 0.001
point mutations 0.0 i 0.0 4.0 ± 0.3 - P < 0.001
total mutation frequency 31.3 ± 0.5 52.2 ± 1.5 1.7 P < 0.001
no. of analyzed plasmids (no. of independent samples) 54 (5) 53 (4)

Linear plasmids with blunt ends (cut with Stul)

Fibroblasts:
deletions at the Stul site 0.0 ± 0.0 19.0 i 4.4 - P = 0.001
insertions at the Stul site or more complex mutations 6.3 ± 0.5 7.6 i 1.8 1.2 NS
point mutations 0.4 i 0.3 9.8 ± 3.5 24.5 P = 0.010
total mutation frequency 6.7 ± 0.5 36.4 i 2.6 5.4 P < 0.001
no. of analyzed plasmids (no. of independent samples) 20 (6) 28 (5)

Lymphoblasts:
deletions at Stul site 10.2 i 0.1 16.5 ± 0.1 1.6 P < 0.001
insertions at StuI or more complex mutations 3.7 ± 0.2 4.2 ± 0.1 1.1 NS
point mutations 0.8 ± 0.6 0.02 ± 0.02 0.025 NS
total mutation frequency 14.7 i 0.7 20.7 i 0.1 1.4 P = 0.001
no. of analyzed plasmids (no. of independent samples) 37 (5) 38 (4)

aMean 4 SEM. The mutation frequency was calculated separately for the blue and the light blue or white colonies, added for each independent
sample and averaged. The mutation frequency for blue colonies was assessed by the analysis of plasmids purified from blue colonies as ratio: number
of mutated plasmids/total number of analyzed plasmids, and calculated for each independent sample. The frequency of a particular class of mutation
was determined by multiplying the mutation frequency of blue colonies of each independent sample with the frequency of this class of mutation in a
representative sample of blue colonies. The sums of this rate in blue colonies and the similarly calculated rate in light blue or white colonies was
then averaged. Student's t-test was performed to test for significance. NS = not significant.

Table III. Frequency and types of mutations obtained after passage of circular plasmid pZ189 through Bloom's syndrome or normal cell lines

Normal Bloom's syndrome Bloom's/normal
(%) (%)

Fibroblasts:
deletions at the joining site 0.004 ± 0.002a 0.0 ± 0.0 -NS
insertions at the joining site or more complex mutations 0.0 i 0.0 0.016 ± 0.007 -NS
point mutations 0.018 i 0.005 0.031 ± 0.01 1.7 NS
total mutation frequency 0.022 ± 0.005 0.047 ± 0.012 2.2 P = 0.03
no. of analyzed plasmids (no. of independent samples) 12 (15) 8 (28)

Lymphoblasts:
insertions at the joining site or more complex mutations 0.0 4 0.0 0.032 ± 0.0062 - P < 0.001
point mutations 0.004 ± 0.001 0.045 ± 0.0073 11.3 P = 0.004
total mutation frequency 0.004 ± 0.001 0.077 4 0.0095 20.8 P < 0.001
no. of analyzed plasmids (no. of independent samples) 24 (8) 28 (5)

aMean + Poisson standard error. The baseline mutation frequency with the circular plasmid was calculated as number of light blue or white
colonies/total number of colonies. The Fisher's exact test was used to test for significance. NS = not significant.

Table II shows the detailed characterization of 333
plasmids recovered from samples with linear input plasmids.
Significantly higher mutation frequencies were found with
BS cells for deletions at the joining sites with either EcoRI
cut or Stul cut plasmids (P < 0.001) in both types of cells,
1422

for insertions at the joining site or more complex mutations,
and point mutations with the EcoRI cut plasmids (P c0.001)
in both types of cells, and for point mutations with Stul cut
plasmids in fibroblasts (P = 0.01). Of all deletions at the
EcoRI restriction site, 73.4% were small in normal



Joining of linear plasmid DNA by Bloom's syndrome cells

fibroblasts, 88.8% in BS fibroblasts, 60.1% in normal
lymphoblasts and 55.2% in BS lymphoblasts, suggesting no

difference in the size distribution of deletions between BS
and normal cells.

In order to assess spontaneous alterations of the EcoRI
restriction site, 38 plasmids from blue colonies obtained with
circular plasmids passed through BS and normal cells, and
40 putative wild-type plasmids from originally StuI cut

samples were screened for conservation of the EcoRl
restriction site: no spontaneous alteration of the EcoRI site
was found. No spontaneous alteration of the StuI restriction
site was found in 12 plasmids from the blue control colonies
(data not shown).
Table III shows the detailed characterization of 72 plasmids

recovered from samples with circular input plasmids. In
contrast to the normal cells, where no insertions or more

complex mutations were found, more than one-third of the
mutants recovered from BS cells were of this type. The
frequency of spontaneous point mutations was 1.7- to

11.3-fold higher with BS cells. With the EcoRI cut linear
plasmids in BS cells the frequency of point mutations
increased - 100-fold (P < 0.001) compared to the controls
transfected with the circular plasmid (Table III). This
increase was not seen with the normal cell lines.

Discussion
The data indicate a reduced efficiency of in vivo joining of
linear plasmid in BS fibroblasts and lymphoblasts. Two
mammalian DNA ligases have been identified (Arrand et

al., 1986; Soderhall and Lindahl, 1976): DNA ligase I is
induced during cell proliferation, while DNA ligase II is
present at a constant level throughout the cell cycle. DNA
ligase I and II join single strand breaks in double-stranded
DNA and DNA double strand breaks with overlapping ends.
DNA ligase I is unique in its ability to ligate DNA with blunt
ends. The BS cell lines used in our assay were reported
previously to have a reduced in vitro ligase I activity of about
one-third of normal with an abnormal heat lability (Willis
et al., 1987). Our findings of reduced joining of linear
plasmid with blunt ends in vivo in BS cells is consistent with
these in vitro results. Reduced joining of linear plasmid with
overlapping ends is also consistent with a DNA ligase I
deficiency, since double-stranded DNA with overlapping
ends is ligated by DNA ligase II and by ligase I. In fibroblasts
the extent of joining remaining (29-36%, Figure 2)
measured with our assay was similar to the in vitro results
(Willis et al., 1987), whereas with lymphoblasts our

assay showed a smaller difference (60-77 % remaining,
Figure 2). This may be related to the different transfection
procedures used with fibroblasts and lymphoblasts.
These results with the replicating plasmid, pZ189, differ

from our previous results with a non-replicating plasmid
(Runger and Kraemer, 1988), where we measured chlor-
amphenicol acetyl transferase (CAT) activity in these same

cells after introducing linear pRSVcat, containing the cat
gene, allowing 2 days for gene expressin. That assay did
not detect a difference between BS and normal cell lines.
This is probably because pRSVcat does not replicate in the
human cells and therefore did not need DNA ligase activity
for survival. While we were able to detect circular plasmid
forms on Southern blots after transfection of linear pZ 189,
those were not detectable after transfection of pRSVcat (data
not shown).

After transfection of linear plasmids into BS and normal
cells we found a wide variety of mutations at the plasmid
joining sites: small and large deletions with or without short
sequence homologies, small and large insertions of plasmid
sequences or of unidentified (probably cellular) sequences,
reverse insertions of plasmid DNA and complex rearrange-
ments. A similar variety of mutations at DNA joining sites
were described previously with mammalian cells using SV40
DNA (Woodworth-Gutai, 1981; Wilson et al., 1982; Wake
et al., 1984) and plasmid shuttle vector systems (Calos et
al., 1983; Razzaque et al., 1984; Hesse et al., 1987; Lieber
et al., 1987). Most mutations were deletions and insertions,
and in addition, insertions of cellular sequences into the
vector (Calos et al., 1983; Razzaque et al., 1984) and filling
in of overlapping ends (Wake et al., 1984) were described
similar to our findings.
As previously reported in other systems double strand

DNA breakage markedly increases the mutation frequency
(Razzaque et al., 1984). We found the mutation frequency
of linear plasmid to be 250- to 25 000-times higher than the
spontaneous mutation frequency with the circular plasmid.
Plasmids with overlapping or blunt ends showed a 1.4- to
5.4-fold higher mutation frequency when passed through the
BS cells than through normal cells. With the overlapping
ended plasmids there was a significant increase in all three
categories of mutations (i) deletions at the joining site, (ii)
insertions at the joining site or more complex mutations and
(iii) point mutations in the supF gene) (Table III). With the
blunt ended plasmid there was a significant increase in
deletions and in point mutations with the fibroblasts (Table
II). This is evidence for an error-prone DNA end-joining
process in the BS cells. Deletions and, to a great extent,
insertions and complex mutations reflect end modifications
of the plasmid DNA before joining is completed. A possible
explanation for the large increase in mutations is that because
of the ligase deficiency the ends of linear plasmids were not
joined as rapidly in BS cells as in normal cells and therefore
were exposed for a longer time to end modifying processes.
An alternative explanation is that an elevated activity of
end-modifying enzymes (e.g. exonucleases) or the activity
of a defective DNA ligase in BS cells introduced more
mutations at the joining sites than in normal cells. Point
mutations may reflect defective functioning of the excision
repair system which contains a ligase step, or action of an
error-prone polymerase entering at a DNA strand break, as
proposed previously for pZ 189 in xeroderma pigmentosum
group A cells (Seidman et al., 1987).
There was an increased spontaneous mutation frequency

with the untreated circular plasmid in BS cells in comparison
to normal (2.2-times with fibroblasts and 20.8-times with
lymphoblasts -Table III). Warren et al. (1981) reported a
4- to 15-fold increase in spontaneous 6-thioguanine resistance
in BS fibroblasts and Vijayalaxmi et al. (1983) reported
an 8-fold higher incidence of 6-thioguanine resistance in
peripheral blood lymphocytes of BS patients. They found
DNA breaks and rearrangements in the hypoxanthine
guanine phosphoribosyl transferase gene locus of the patient's
lymphocytes chromosomes. Langlois et al. (1989) found a
50- to 100-fold increased frequency of NM blood group
variant erythrocytes with partial or total loss of expression
of gene locus. With our plasmid we found spontaneous
insertions and complex mutations only with the BS cells.
The frequency of point mutations was increased 1.7- to

11.3-fold with the BS cells in comparison to the normal
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cells. In a circular plasmid, insertions or complex mutations
require DNA double strand breaks and ligation, processes
that are assumed to be involved in SCEs, chromosome
breakage and rearrangements, and genetic recombination.
Since DNA double strand breaks occur spontaneously in
DNA transfected into mammalian cells (Wilson et al., 1982;
Wake et al., 1984), DNA ligase deficiency could contribute
to increases in insertions and more complex mutations. The
SCE rate in the BS cells we studied was 60-80 per cell
compared to 4-8 in normal cells (Willis et al., 1987). The
elevated rate of insertions or complex mutations in the
untreated plasmid passaged through the BS cells might be
based on similar processes responsible for the elevated SCE,
and chromosome breakage and rearrangements in BS.

Patients with BS have an increased susceptibility to
bacterial infections. A number of immune abnormalities
have been found in different BS patients including low
immunoglobulin levels, reduced reactivity to skin test
antigens in vivo, low in vitro proliferative response to
mitogen stimulation with reduced production of all classes
of immunoglobulin, depressed natural killer cell activity,
impairment of B cell differentiation and reduced helper T
cell regulatory function (Hutteroth et al., 1975; Weemaes
et al., 1979; Taniguchi et al., 1982; Ueno et al., 1985).
Some of these immune defects may be related to abnormal
gene processing. Normal immunoglobulin gene processing
involves DNA rearrangements with random joining of V,
D and J segments (combinatorial joining), variability in the
positin of joining (junctional diversity), nucleotide addition
in heavy chain genes and hypermutation (Watson et al.,
1987). These functions involve DNA joining with deletions
or insertions, DNA rearrangements and inversions, and
hypermutability, all of which were observed to be increased
in our plasmids passaged through the BS lines. Recent studies
(Hesse et al., 1987; Lieber et al., 1987) utilizing plasmid
vectors containing portions of immunoglobulin germ line
genes have demonstrated the utility of the approach of using
plasmid vectors in examining the mechanisms of generation
of immune diversity. Our studies demonstrate a reduced
DNA end-joining ability, an error-prone DNA end-joining,
and spontaneous hypermutability of plasmids in BS cells.
These defective processes may be involved in the increased
chromosome breakage and the impaired immune function
of patients with BS.

Materials and methods
Cells
The Simian virus 40 (SV40) transformed fibroblast cell lines GM8505A
(BS) and GM0637 (normal), and Epstein-Barr virus transformed
lymphoblast cell lines GM3403C (BS) and GM0606 (normal) were obtained
from the Human Genetic Mutant Cell Repository, Camden, NJ and grown
as described previously (Protic-Sabljic et al., 1985). Doubling times were
37 h for BS fibroblasts, 32 h for normal fibroblasts, 80 h for BS lymphoblasts
and 54 h for normal lymphoblasts.
Plasmid and transfection
The replicating shuttle vector plasmid pZ189 (Seidman et al., 1985, 1987;
Bredberg et al., 1986) is shown in Figure 1. It was cut with the restriction
endonucleases EcoRI at bp 1 (4 bp overlapping ends) or StuI at bp 3474
(blunt ends). Complete cleavage (less than 0.05% circular forms remaining)
was verified by agarose gel electrophoresis and Southern blotting. Fibroblasts
were transfected by the calcium phosphate-DNA precipitation method
(Protic-Sabljic et al., 1985), using 5 Ag of untreated circular plasmid or
20 utg of linearized plasmid and 2 x 106 cells/100-mm tissue culture dish
for each sample. Lymphoblasts were transfected by the DEAE-dextran
method (Seidman et al., 1985), using 5 /tg of plasmid and 30 x 106

cells/T75 flask for each sample. Two to three days after cell transfection
plasmid DNA was extracted by a rapid alkali lysis procedure (Hesse et al.,
1987). Digestion with DpnI was used to remove the unreplicated input
plasmid DNA (DpnI does not cut DNA with a mammalian methylation
pattern) (Seidman et al., 1985).

Bacterial transformation and mutant analysis
Purified plasmid was introduced into competent Escherichia coli MBM7070
and spread on to LB agar dishes with ampicillin, supplemented with Xgal
and IPTG (Seidman et al., 1985). Many mutations in the supF tRNA gene
of the plasmid yield white or light blue bacterial colonies, whereas the intact
supF gene results in blue colonies (Kraemer and Seidman, 1989). The
colonies of two or three transformations in each sample were scored. A
representative sample of plasmids from blue, light blue and white colonies
was isolated from 5-ml overnight cultures (Birnboim and Doly, 1979) and
analyzed by agarose gel electrophoresis (to determine the size of the plasmid
compared to the wild-type) and digestion with EcoRI or StuI (to screen for
restitution of the restriction site). The base sequence of the EcoRI and StuI
restriction site regions and the supF gene of 53 plasmids passed through
fibroblasts was determined using a dideoxy procedure with a modified T7
polymerase (SequenaseTM, United States Biochemicals, OH).
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