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Instabilities that are intrinsic to natural repetitive DNA sequences produce
high frequencies of length changes in vivo. Triplet repeats cloned in
plasmids in Escherichia coli undergo expansions and deletions, and this
instability is affected by multiple factors. We show that CTG-CAG repeats
in plasmids can influence the growth of E. coli, which affects the observed
stabilities. At extended growth periods, the observed frequencies of
deletions were dramatically increased if the cells passed through stationary
phase before subculturing. Deletions were particularly pronounced for a
plasmid containing the longest repeat, 525 bp in total, with the CTG
sequence as the lagging strand template for replication. Measurements of
cell growth showed that the lag phase associated with E. coli growth was
increased for cultures containing plasmids with long CTG-CAG repeats,
particularly when the CTG-containing strand was the lagging template.
High frequencies of deletions were observed because of a growth
advantage of cells containing plasmids with deleted triplet repeats.
Incubation conditions that reduced the bacterial growth-rate produced a
decreased extent of deletions, presumably because they alleviated the
growth advantage of cells harboring plasmids with deleted triplet repeats.
The experimental observations were simulated by a model in which
shorter triplet repeats provided a growth advantage due to a shorter lag
phase. We demonstrate that the accumulation of deletions within repeating
sequences during growth of E. coli can be prevented, and discuss these
findings in relation to the studies of repetitive DNA sequences. These are
the first observations to show a direct influence between a plasmid-based
DNA sequence or structure and factors controlling bacterial growth.
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Introduction

structure are termed simple repeating sequences.
More complex repeat units, known as minisatel-

Natural DNAs contain a wide array of repeating
sequences (Charlesworth et al., 1994; Tautz &
Schlétterer, 1994; Sutherland & Richards, 1995).
Repeat sequences with 1 to 5bp in their unit
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lites, are also ubiquitous and have been particularly
well characterized in higher eukaryotes (Armour &
Jeffreys, 1992).

Simple repetitive DNA sequences have an
intrinsic instability in all genomes, manifested as
frequent length changes due to expansions or
deletions of repeat units (Richards & Sutherland,
1992; Lustig & Petes, 1993; Charlesworth et al., 1994;
Tautz & Schlotterer, 1994). Instabilities within
repetitive DNA sequences have been linked to
a variety of human diseases (Krontiris, 1995;
Sutherland & Richards, 1995). For example, some
cancer cell lines have an increased frequency of
length changes in specific dinucleotide repeats
(Aaltonen et al., 1993; Thibodeau et al., 1993) due to
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defects in DNA repair proteins (Fishel et al., 1993;
Leach et al., 1993; Parsons et al., 1993). Of particular
interest are triplet repeat sequences (TRS) such as
CTG:-CAG, CGG-CCG and AAG:-CTT, which are
associated with at least nine human hereditary
neuromuscular or neurodegenerative disorders (for
recent reviews, see Caskey et al., 1992; Willems,
1994; Ashley & Warren, 1995; Warren, 1996). Most
of these disorders show the clinical behavior of
anticipation (the increased severity and/or de-
creased age of onset of a hereditary disease with
progression through a pedigree). The mutation
events correlated with these diseases involve an
increase in the copy number of the TRS. These
expansions can be modest, as in Huntington’s and
Kennedy’s diseases, or massive, as in fragile X
syndrome and myotonic dystrophy (Ashley &
Warren, 1995). Since the molecular mechanisms
responsible for these expansions are unknown, the
development of a genetically tractable system for
investigating these instabilities would be a signifi-
cant advance.

Repetitive DNA sequences are susceptible to
slipped-strand mispairing (for a review, see
Levinson & Gutman, 1987) which provides a
plausible mechanism for generating unusual DNA
conformations (Sinden & Wells, 1992; Kang et al.,
1995a; Pearson & Sinden, 1996; Wells, 1996). The
formation of folded structures within short single-
stranded oligonucleotides of TRS has been shown
to occur in vitro (Fry & Loeb, 1994; Gacy et al., 1995;
Gao et al., 1995; Mitas et al., 1995; Mitchell et al.,
1995; Smith et al., 1995; Yu et al., 1995a,b). These
structures are stabilized by the formation of
intra-strand base-pairs, although they also contain
mismatched bases. Also, stable non-B DNA
structures were observed in sequences containing
long CTG-CAG and CGG-CCG repeats (Jaworski
et al., 1995; Pearson & Sinden, 1996; and
unpublished results). Therefore, the indications are
that the instability of repetitive DNA sequences is
related to an alternative DNA structure, but the
exact nature of this structure(s) remains to be
identified.

Direct evidence for the in vivo occurrence of
slipped-strand mispairing in generating the insta-
bilities within TRS has not been obtained, hence
other mechanisms may be involved. In Escherichia
coli, the wusual mechanisms for homologous
recombination (Kowalczykowski et al., 1994;
Camerini-Otero & Hsieh, 1995) seem to be ruled
out, since expansions have been observed in recA”
strains (Kang et al., 1995a, 1996; Ohshima et al.,
1996a,c) and similar extents of deletions were
observed in isogenic strains with a functional or
deficient recA gene (Jaworski et al., 1995). However,
it is possible that other pathways of recombination
have some influence. For example, in vitro
experiments observed pausing of DNA poly-
merases at TRS containing CTG-CAG or CGG-CCG
(Kang et al., 1995b; Ohshima et al., 1996a,b) and
increased recombination has been proposed to
occur at stalled replication forks (Kuzminov, 1995).

A number of studies have suggested an involve-
ment of replication and recombination in the
deletion of direct repeat sequences (Gordenin et al.,
1992; Scearce & Masker, 1993; Trinh & Sinden, 1993;
Kong & Masker, 1994; Tran et al., 1995; Bi & Liu,
1996). Another alternative is gene conversion,
which could account for instabilities at TRS via
mechanisms similar to those used to explain
polymorphisms at minisatellites (Jeffreys et al.,
1994).

To help identify the factors affecting the
instability of TRS, studies have been initiated in
E. coli (Kang et al., 1995a). Maintenance of long TRS
in bacterial systems is difficult, since they are
deleted readily to sequences of heterogeneous
length (Kang et al., 1995a; Ohshima et al., 1996a,b;
Shimizu et al., 1996). The orientation of the TRS
with respect to the origin of replication was
observed to affect expansions and deletions in
E. coli (Kang et al., 1995a) and was explained by the
involvement of intra-strand structures, since each
strand of the TRS produces structures of different
stability (Gacy et al., 1995; Gao et al., 1995; Yu et al.,
1995a,b).

During our recent investigations on the cloning
of all ten TRS in E. coli (Kang et al., 1995a; Ohshima
et al., 1996a,b; Shimizu et al., 1996), we observed an
influence of growth phase on the frequency of
deletions in the TRS. This study provides further
characterization of the stability of CTG-CAG
repeats in E. coli, and demonstrates that the
frequency of deletions is influenced by interactions
between cellular growth characteristics and the
plasmid-based repeats.

Results

Analysis of CTG repeats in plasmids in
Escherichia coli

The maintenance of long TRS in bacterial systems
is difficult and their stability is influenced by many
factors (reviewed by Wells, 1996). This study
utilizes plasmids containing different lengths of
CTG-CAG repeats (referred to as CTG tracts) to
further characterize their stability in E. coli. The
plasmids harbored triplet repeat lengths of 17, 98
and 175 in the polylinker of pUC19 Notl (Herrero
et al., 1990; Kang et al., 1995a), although the longest
TRS was not completely homogeneous (Figure 1).
Since we showed previously that the stability of
long CTG repeats is dependent on their orientation
with respect to the direction of replication (Kang
et al., 1995a), each sequence was studied in both
orientations.

The instability of triplet repeats in plasmids was
analyzed under a variety of growth conditions.
Plasmids were purified from the experimental
cultures and digested with appropriate restriction
enzymes, generally EcoRIl and Pstl. Alterations in
the length of the fragment containing the CTG tract
were determined by polyacrylamide gel electro-
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A
Xmnl(2911) Pstl(426)
pRW3247
3.3 kbp
Xbal(1025)
EcoRI(1052)
B
390 Not |

gccagtgecaaget GGGCGGCCGCAAGCTLgcatgectygecaggtcggCCTCAGCCTG
cggtcacggttcgaCCCGCCGGCETTCGRacgtacggacgteccagccGGAGTCGGAC

GCCGAARGAAAGAAATGGTCTGTGATCCCCC (CAG) |CATTCCCGGCTACAAGGACY
CGGCTTTCTTTCTTTACCAGACACTAGGGGG(GTC)nGTAAGGGCCGATGTTCCTGC

Not 1

actctagaggatcceccgggtaccgagctegaatt CGCGCGGCCGCAATTcgtaatca
tgagatctectaggggeccatggctecgagettaa GCGCGCCGGCGTTAAgcattagt

Figure 1. A diagram of plasmids containing the CTG
triplet repeats. A, pPRW3247 that contains the (CTG)7s on
the lagging strand template for replication, termed
orientation 1l (Kang et al., 1995a); this sequence is
not completely homogeneous but is actually
(GCT)7ACT(GCT)4ACT(GCT)106. pPRW3248 contains ex-
actly the same sequence, but the sequence between the
Notl sites is reversed so that (CTG).ss is on the leading
strand template, termed orientation I. All DNA except
that shown by the filled regions is derived from pUC18
Notl (Herrero et al., 1990). The approximate positions and
direction of the origin of replication (Ori) and the gene
encoding resistance to ampicillin (Amp) are shown. The
TRS is shown by the cross-hatched box, and the filled
area is human genomic DNA that arises from the cloning
procedure. These plasmids do not have a functional
lacZ' gene. The other plasmids used in this study
contain different lengths of (CTG), in the Hincll site of
pUC18 Notl: pRW3243 and pRW3244 contain (CTG)y7 in
orientations Il and |, respectively; pRW3245 and
pRW3246 contain (CTG)s in orientations Il and I,
respectively. B, The TRS and the flanking DNA of the
plasmids used in this study, showing the relationship
between plasmids in orientations | and Il; the sequence
shown is that of plasmids in orientation I1, with base-pair
number 1 designated as for pUC18 (Yanisch-Peron et al.,
1985). The bases shown in lower case, and the remainder
of the sequence that is not shown, correspond to the
sequence of pUC18. Sequences shown in capitals around
the Notl site were constructed in pUC18 Notl (Herrero
et al., 1990). Plasmids in orientation | contain exactly the
same sequences, except that the region between the Notl
sites is in the opposite orientation. The subscript n
corresponds to the number of triplet repeats.

phoresis. Numerous plasmids with different
lengths of the fragment containing TRS were
characterized by DNA sequencing and, in all cases,

the length changes were due to an insertion or
deletion of unit lengths (3 bp) of TRS (Kang et al.,
1995a, 1996; Ohshima et al., 1996a; Shimizu et al.,
1996; and unpublished results); no mutation was
found in any other region of the plasmids. Tracts
of TRS have been observed to have a faster
mobility than random sequence DNA on polyacryl-
amide gels (Chastain et al., 1995; and unpublished
results). However, since the gel mobility of a
fragment containing TRS is proportional to its size,
the mobilities of fragments on polyacrylamide gels
can be used to estimate the lengths of the CTG
tracts.

Plasmids containing long CTG repeats have
heterogeneous lengths due to errors incurred
during bacterial growth

Growth of E. coli after transformation with
vectors containing (CTG).7s showed that plasmids
isolated from separate cultures contained TRS of
heterogeneous length (Kang et al., 1995a; data not
shown). Such length alterations could be caused by
(1) some process during transformation (or some
other event taking place before the first cell
division) or (2) a high frequency of errors incurred
during DNA metabolism throughout the growth
period. To differentiate between these two possibil-
ities, we transformed E. coli HB101 with plasmids
containing CTG repeats, grew the mixtures
overnight and then diluted them so that fresh
cultures would grow from an average of one cell.
Assuming that only one plasmid was introduced
into each cell upon transformation (Hanahan et al.,
1991), faithful DNA replication would produce a
homogeneous population of plasmids in each cell
even after further growth of the culture.

Plasmids were isolated from overnight growth of
liquid cultures that had begun from one cell,
digested with EcoRIl and Pstl and analyzed by
polyacrylamide gel electrophoresis. For pRW3247
((CTG)1z5 in orientation 1), cultures that had begun
from a single cell contained major bands of defined,
but different, CTG tract lengths (Figure 2). Also,
there were minor bands in the DNA samples, and
a greater number of bands was observed for
plasmids containing (CTG)i;7s in orientation |l
compared with those with (CTG).7s in orientation |
(data not shown). In similar experiments, more
bands were produced from pRW3247 when the
dilutions to a single cell were made from cultures
that had been allowed to grow for more generations
(labeled early stat in Figure 2) compared with those
in exponential growth phase (labeled late log in
Figure 2). When these bacterial mixtures were
further subcultured, the deletion products in each
culture became a larger proportion of the purified
plasmid, and new deletion products also appeared
(lanes numbered 2 in Figure 2). The starter cultures
used in these experiments were grown directly
from the transformation mixtures; similar results
were obtained if the transformation mixtures were
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Figure 2. Analysis of the stability of plasmids
containing (CTG);s when grown from a single cell of
E. coli HB101. Cells were transformed with purified
supercoiled monomer of pRW3247 ((CTG)is in orien-
tation II), grown overnight in LB containing ampicillin
(100 pg/ml) at 37°C, and at an Agg of 1.1 (late log) or 1.6
(early stationary), the culture was diluted 10°-fold into
fresh medium. (Since this dilution factor is greater than
the number of viable cells in stationary phase cultures
(Table 1), any observed growth from these inoculations
must have begun from only one cell.) These cultures
(number 1s) were grown into stationary phase (24 hours)
and then subcultured into fresh medium with a dilution
factor of 107, to give cultures numbered 2. The second
cultures were grown for 24 hours and then harvested.
DNA from all cultures was purified, digested with EcoRI
and Pstl, labeled with *P using E. coli Klenow DNA
polymerase |, and electrophoresed through a 5%
polyacrylamide gel in TBE buffer. The samples are
shown, with numbers 1 and 2 indicating the first and
second growth cultures, respectively. M1 is marker DNA
(1 kb ladder, GIBCO BRL); the sizes of these bands are
shown at the side of the Figure. M2 is a marker
containing a mixture of pRW3244 and pRW3248
(plasmids with ((CTG):; and (CTG).7s, respectively) that
had been digested with EcoRI and Pstl and labeled with
radioactivity. Note that fragments of DNA containing
TRS migrate faster than expected from their known size,
in agreement with other studies (Chastain et al., 1995; and
unpublished results).

first grown overnight on a plate and a single
colony was used for the starter culture (data not
shown).

Hence, the deletions in plasmid CTG repeat
sequences are due to the unfaithful propagation of
the CTG tract. The wide variety of TRS lengths from
single cells suggests that transformation (or some
event taking place soon afterwards) may act to
promote deletion events. However, the continuous
appearance of a variety of different lengths of TRS
at long growth times showed that deletion events
were taking place throughout the bacterial growth
period.

Deletions of long CTG repeats are influenced
by the growth phase

A high frequency of deletions within TRS in
plasmids during long-term growth of E. coli
cultures was observed previously (Jaworski et al.,
1995; Kang et al., 1995a; Rosche et al., 1996; Shimizu
et al., 1996). Since the experiments discussed above
showed that the growth phase at which subcultur-
ing occurred had an influence on the deletion
events, we analyzed the extent of deletions after
long-term growth of bacteria maintained in
exponential phase or allowed to go through
stationary phase approximately every 20 to 25
generations. E. coli HB101 was transformed with
plasmids harboring CTG repeats, then each
transformation mixture was halved and grown in
two identical liquid cultures. One of the cultures
was maintained in exponential growth by dilution
into fresh medium at As = 0.7, and the other was
allowed to grow into stationary phase before
dilution into fresh medium.

At each dilution, the cells from a portion of the
culture were harvested, and the plasmids were
purified and analyzed by restriction mapping. For
PRW3247 ((CTG)1z5 in orientation 1), the deletions
accumulated more readily in cultures that passed
through stationary phase (Figure 3A). Similar
results were obtained for bacteria harboring
pRW3248 ((CTG)7s in orientation I: see Figure 6 for
representative gels of cultures allowed to pass
through stationary phase). Quantification of the
data from Figure 3A showed that about 1% of
plasmid contained the full-length CTG repeat by
the third stationary phase (60 generations). By
comparison, there was 24% of full-length plasmid
in the DNA isolated after 100 generations of
exponential growth of E. coli. Similar experiments
performed with pRW3247 and pRW3248 in E. coli
HB101 were quantified (Figure 3B). For both
plasmids, there was an increased accumulation of
deletions for cultures that passed through station-
ary phase. Bacteria harboring pRW3248 amassed
deletions more slowly than those harboring
pRW3247 under all incubation conditions. Note
that the pRW3247 samples were deleted more
quickly in the experiments shown in Figure 3A
compared with Figure 3B, but in both cases there
was faster accumulation of deletions for samples
passing through stationary phase. The trend of the
data was the same, but the two experiments had
different amounts of deletions after specific
numbers of generations. These deviations are often
observed in different experiments and illustrate the
random nature of deletion events.

In summary, these results confirm our earlier
observations that an increased rate of deletions
occurred within CTG tracts in orientation Il (Kang
et al., 1995a). Also, these experiments show that the
deletions within the CTG repeats were markedly
influenced by the bacterial growth phases; those
bacteria maintained in exponential growth phase
had a lower extent of deleted products compared
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with those that were allowed to go through
stationary phase.

Deletions within CTG tracts are not influenced
by recA

The experiments shown above were performed
in E. coli HB101, a strain with a mutation in its recA
gene (recA13: Sambrook et al., 1989). The stability of
pRW3247 and pRW3248 was examined during
long-term growth in E. coli RR1, a strain that is
isogenic to HB101 except that it contains a
functional recA gene (Sambrook et al., 1989). Similar
extents of deletions were observed in both E. coli
HB101 and RR1 (data not shown). Thus, in
agreement with previous observations (Jaworski
et al., 1995), recA is not required to generate
deletions in TRS.

Cells containing long CTG repeats in
orientation Il exhibit a reduction in viability
upon entering stationary phase

The viability of E. coli HB101 harboring the
plasmids with CTG repeats was determined at

various times of growth by counting the number of
colonies on LB plates containing ampicillin. At
mid-exponential growth (Asw =0.6), E. coli had
viability counts of 1.4 x 108 to 2.0 x 108 cells/ml for
all plasmids studied (data not shown). Cultures
grown into stationary phase (26 hours, Agyp 0f 3.0 to
4.0) had viability counts of approximately 4 x 10°
cells/ml for bacteria harboring each of the plasmids
except pPRW3247 (Table 1); these measurements are
in agreement with earlier studies on the influence
of plasmids on the viability of E. coli grown into
stationary phase (Kolter et al., 1993). Control
experiments with bacteria harboring pUC19 Notl
had a viability similar to those of the shorter CTG
repeats at all growth times (data not shown). For
pRW3247 ((CTG).75 in orientation I1), the culture at
26 hours had a viability count of only 0.22 x 108
cells/ml, an order of magnitude lower than for the
other plasmids containing CTG repeats. Cells
harboring pRW3247 showed a further decline in
viability at longer growth times (data not shown).
Plating of an aliquot of all cultures on LB plates
without antibiotic showed that the total number of
cells was equivalent to the viability count in the
presence of ampicillin (data not shown). Therefore,
the decreased viability of stationary phase cells
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Figure 3. The extent of deletions in plasmids containing (CTG);7s during long-term growth of E. coli HB101 is
influenced by the growth phase at subculturing. A, E. coli HB101 was transformed with purified supercoiled monomer
of pRW3247 ((CTG)us5 in orientation Il) and incubated in LB containing ampicillin (100 ng/Zml) at 37°C. The bacterial
cells were grown to stationary phase (Ago Of 1.7 to 2.5) or mid-logarithmic phase (Asw 0f 0.7 to 1.0) and then subcultured
into fresh medium with a dilution factor of 10°. At each subculturing, cells were harvested and the pellets stored at
- 80°C. DNA from all cultures was purified, digested with EcoRI and Pstl, labeled with 2P using E. coli Klenow DNA
polymerase |, and electrophoresed through a 5% polyacrylamide gel in TBE buffer. The samples are shown, with the
numbers above each lane indicating the approximate number of generations at the time of harvesting. Markers M1
and M2 were as described for Figure 2. B, Quantification of deletions in pRW3247 and pRW3248 during long-term
growth. Data from long-term growth experiments that were subcultured at stationary or mid-exponential phase were
guantified by densitometry. The data are not from experiment A, but the only difference is that the bacterial cells were
diluted by a factor of 107 upon subculturing. The extent of full-length plasmid ((CTG):;s was determined as the
proportion to all DNA of this size or smaller. Reproducibility of these measurements was estimated to be +1%. Squares,
pRW3247; triangles, pRW3248; open symbols, samples that were subcultured in stationary phase; filled symbols,
samples that were subcultured at mid-exponential phase.
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Table 1. E. coli HB101 containing pRW3247 have a reduced viability in

stationary phase

Length of Viability count? Standard
Plasmid CTG repeat Orientation (% 108/ml) deviation®
PRW3243 17 Il 3.88 0.38 (3)
pRW3244 17 | 3.83 0.83 (4)
PRW3245 98 I 4.45 0.66 (3)
pPRW3246 98 | 4.47 0.62 (3)
PRW3247 175 1l 0.22 0.12 (4)
PRW3248 175 I 3.25 1.01 (4)

Viability measurements were made on stationary phase cultures (Aso = 3.0 to 4.0).
At mid-logarithmic growth (Aso = 0.6), the viability counts for all of the cultures was

1.4 x 108 to 2.0 x 108/ml.

aTotal number of viable cells was the same on LB plates with and without

ampicillin.

b The number of times the experiment was performed are in parentheses.

harboring pRW3247 cannot be explained by an
altered sensitivity to antibiotic.

Thus, the length of the CTG repeat has no
influence on cell viability except for those cells in
stationary phase with (CTG).75 in orientation 1I.

CTG repeats in plasmids affect the entry of
E. coli into exponential growth phase

The growth rates of E. coli harboring plasmids
that contained various tracts were analyzed. E. coli
HB101 was transformed with plasmids harboring
CTG repeats and the growth of the liquid cultures
was monitored spectrophotometrically at Agop;
pUC19 Notl with no CTG repeat (Herrero et al.,
1990; Kang et al., 1995a) was transformed to act as
a control.

Growth curves for cultures containing pRW3244,
pRW3247, pRW3248 and pUC19 Notl are shown in
Figure 4. The semi-log plot of the data (Figure 4,
inset) shows that the rate of cell growth during
exponential phase was similar for all plasmids
studied. However, the entry into exponential
growth was delayed for cells harboring plasmids
with CTG repeats, and this is shown more clearly
on the large graph, which contains linear scales on
both axes. Since the transformations were per-
formed with a large excess of cells to DNA
molecules (estimated to be at least a factor of 10%),
at least ten generations of growth were required
before an increase in Ago was detected. This
experimental protocol means that the lag period of
the culture was over by the time an increase in
absorbance was detected. However, since the
exponential growth rate of all cultures was similar,
extrapolation of the curves down to the first
doubling event shows that the cultures differed
only in their lag period. The length of the lag phase
was proportional to the size of the triplet repeat;
cells harboring plasmids with (CTG).7s had a longer
lag phase than cells harboring plasmids with
(CTG)17 (Figure 4). Cells harboring plasmids with
(CTG)es had an intermediate length of lag phase
(data not shown). For the greatest length of CTG
repeats, there was an effect of the sequence
orientation on the lag phase, since pRW3247

((CTG)175 in orientation I1) had a longer lag phase
than pRW3248 ((CTG).s in orientation 1). Hence,
there is an effect of the length and orientation of
TRS in plasmids on the growth kinetics of E. coli,
as manifest by the length of the lag phase.
Cultures beginning from smaller numbers of live
bacterial cells have longer lag phases (Neidhardt
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Figure 4. Growth curves of E. coli HB101 harboring
plasmids containing CTG repeats. E. coli HB101 was
transformed with purified supercoiled monomer of the
designated plasmids, and grown in LB containing
ampicillin (100 pg/ml) at 37°C. The growth of each
culture was monitored by Asw readings at the times
indicated. Each culture was grown in triplicate and
contained approximately 3000 to 10,000 colony-forming
units. The graph is plotted with linear axes to highlight
the differences in the curves as the cultures begin to grow
in exponential phase. The inset shows the traditional
method of plotting growth curves using a semi-log axis
for Aseo measurements. Note that the slopes of the curves
(the exponential phase growth rates) are similar in all
cases. Error bars are shown in the main part of the Figure
but are omitted from the inset to improve clarity. The
symbols designate the following plasmids: circle, pUC19
Notl; square, pPRW3244 ((CTG)y; in orientation I); triangle,
pRW3247 (CTG)i7s in orientation Il; inverted triangle,
pRW3248 ((CTG)uzs, orientation I).
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et al., 1990). We observed similar effects for E. coli
harboring plasmids with CTG repeats (data not
shown). The varying lag phases for cells harboring
the different plasmids could be caused by altered
viability of cells in the cultures, but this is not
supported by measurements of cell viability
(Table 1). Also, in experiments comparing the
growth rates of E. coli harboring different plasmids,
approximately the same number of viable cells
was added to the cultures to prevent any influence
of differential cell number. Moreover, cells contain-
ing plasmids with deleted CTG repeats dramati-
cally increased their proportion within a culture
even though they were present in a very low
proportion at the time of the initial inoculation.
Thus, the observed effects on growth are due to the
influence of CTG repeats on lag phase rather than
due to experimental artifacts brought about by
altered viability of cells containing different
plasmids.

Simulations of the growth of  E. coli
containing a mixture of cell types with
different growth characteristics

The observed effects of CTG repeats on the
growth kinetics and viability of E. coli suggest that
deleted products may accumulate because cells
within the culture harboring deleted plasmids have
a growth advantage over those containing non-
deleted plasmids. Over long growth times, there
would be a significant increase in the proportion of
deleted plasmids, which would make the deletion
events appear to occur at a higher frequency than
their actual rate.

To test this proposal, we performed calculations
to identify potential changes in a bacterial culture
containing a mixture of cells with different growth
characteristics. Presumably, the growth character-
istics of bacterial cells in these experiments
are affected by their constituent plasmids. In
particular, the length of the CTG tract and its
orientation in a plasmid influences the growth of
the host. In our experiments, plasmids with many
different CTG lengths were produced within
each culture, and thus would give rise to many
different growth characteristics. However, for
simplicity, the calculations were performed only for
cultures containing cells with two types of growth
characteristics.

The simulations were conducted with a mixed
culture which contained two types of cells at a ratio
99:1. Starting from 100 cells, the bacteria were
allowed to undergo doubling with a specified lag
period (equivalent to no growth), after which they
doubled at a constant steady-state rate. Growth
within the simulated cultures was stopped when
the total number of cells reached 5 x 108, which was
equivalent to the number of cells observed in our
stationary phase cultures (Table 1). The proportions
of each cell type at this stage were used in another
cycle of calculated growth; this simulated long-

term growth experiments in which the bacterial
cultures were allowed to pass through stationary
phase between each subculturing. Calculations
were performed in which the cell type that began
at 1% of the culture was allowed to have either a
shorter lag phase (Figure 5A) or a faster rate
of doubling (Figure 5B). Our calculations showed
that differences in lag phases for the two cell
types produced large changes in the proportions
of the cells as the culture passed through a
number of stationary phases. For example, if the
differences in the lag periods was a factor of 2,
the cells with the longer lag phase decreased
their proportion of the culture from 99% to about
60% at the seventh culture (Figure 5A). The
proportion decreased to this level at an earlier time
if the ratio of lag phases of the two cell types was
higher. If the cell types were given differences in
their doubling time, dramatic changes in their ratio
were observed; for doubling times of the cell types
with ratios of 1:1.1, at the fifth culture the cell type
with the slower doubling time decreased its
proportion of the culture from 99% to about 20%
(Figure 5B).

Our long-term growth experiments (Figure 3)
that were maintained in exponential growth were
simulated. Calculations were performed in which
the cultures were allowed to go through 100
doublings (generations) after the lag phase (data
not shown). For cultures containing cell types with
different lag phases, there was no change to the
composition of the culture after the lag phase.
Consequently, at long generation times, these
cultures did not have changes in their composition
as dramatic as those shown in Figure 5A. This is in
agreement with our experimental observation
(Figure 3). For mixed cultures of cell types with
different doubling times, simulations maintained in
exponential growth continued to show changes in
their composition at long generation times; these
changes occurred at the same rate with respect to
the number of generations as calculated for mixed
cultures that passed through stationary phase upon
reaching 5 x 108 cells (Figure 5B). This prediction,
that the composition of mixed cultures does not
depend on whether they are maintained in
exponential growth or pass through stationary
phase, is not in agreement with our experimental
observations (Figure 3).

Our experimental observations cannot be ex-
plained completely by such simple growth simu-
lations, as expected, since many factors influence
the growth kinetics of a bacterial culture. However,
these calculations suggest that the lag phase of the
cells is a major determining factor in explaining our
observations of deletions within plasmid-based
CTG repeats during long-term growth.

CTG repeats in plasmids influence the growth
of E. coli

To provide an experimental test of the predic-
tions from the simulations, the rate of propagation
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Figure 5. Simulations of the growth of E. coli containing
a mixture of plasmids. Simulations of the growth
characteristics of cultures containing two types of E. coli
with different growth Kinetics were performed. The
starting-point was a mixed culture of 100 cells, which
contained two cell types in the ratio of 99:1. The bacteria
were allowed to undergo doubling with a specified time
of lag phase (during which no growth occurred), and
then they doubled at a constant steady-state rate until the
cell density within the culture reached 5 x 108 The
proportions of each cell type at this stage were used as
the starting point for the next cycle of growth within the
simulation, which continued with the same growth
kinetics for each of the two sets of cells in the mixed
culture. These cycles of growth were repeated a number
of times in order to simulate our long-term growth
experiments in which the bacterial cultures were allowed
to pass through stationary phase between each subcultur-
ing. For each simulation, the bacteria were allowed to
differ in the extent of their lag phase or in their
growth-rate (doubling time). The cells with the growth
disadvantage are shown as a proportion of the total
culture; the subculture number refers to the cycle of
simulated growth. A, Simulations were performed in
which the cells at 1% of the initial culture were given a
shorter lag phase; for computation purposes this was
defined as 60 minutes. The two cell types had lag phases
according to the following ratios: circle, 1:2; square, 1:3;
triangle, 1:4; inverted triangle, 1:5. For example, a ratio
of 1:2 designates lag phases of 60 minutes and 120
minutes for the two sets of cells. The doubling time of
both cell types was set at a constant 60 minutes.
B, Simulations were performed in which the cells at 1%
of the initial culture were given a faster rate of doubling;
for computation purposes this was defined as 60 minutes.
The two cell types had doubling times according to the

of cells containing plasmids with different lengths
of CTG repeats was determined. E. coli HB101 was
transformed with one of two types of plasmids,
each containing a different length or orientation of
CTG repeat. Varying amounts of the two trans-
formation mixtures were grown in the same liquid
culture for many generations, and samples of the
culture were removed at various times for analysis
of the plasmids.

In experiments where the cultures passed
through stationary phase every 25 generations
(Figure 6A), bacteria harboring pRW3244 ((CTG)y;
in orientation 1) were propagated at a faster rate
than those containing pRW3248 ((CTG)is in
orientation 1); pRW3244 increased its proportion
of the culture from 33% to 90% between the first
and third growth cycles (compare generations 25
with 75 for lanes labeled 1:1). Experiments with
pRW3248 in excess at the beginning of the
inoculations produced similar observations, with
pRW3244 increasing its proportion of the culture
from 10% to 65% between the first and third growth
cycles (compare generations 25 with 75 for lanes
labeled 1:5). If similar cultures were maintained in
exponential growth through the same number of
generations, no change in the proportions of each
set of bacteria within the cultures was detected
(data not shown). Thus, E. coli harboring plasmids
that are identical except for the length of their CTG
repeat are propagated at different rates, but only if
the bacteria pass through stationary phase. These
experiments show that the growth advantage
obtained with bacteria harboring plasmids contain-
ing shorter CTG repeats is because of their reduced
lag phase, as simulated above (Figure 5).

In a similar experiment (Figure 6B), the growth
rates of bacteria harboring pRW3248 ((CTG)i7s in
orientation I) were compared with those containing
pRW3247 ((CTG)17s in orientation Il). To differen-
tiate between the two plasmids in these cultures,
analyses were performed with Xmnl, which digests
the vector sequence, and Xbal, which cleaves the
polylinker. Since the polylinker (and the TRS) are in
the reverse orientation in pRW3247 and pRW3248,
an Xmnl + Xbal digest of these plasmids produces
different patterns. This experiment showed that
almost no (CTG).;7s in orientation Il remained
(<3%) by the third stationary phase of the growth
culture. Although a small proportion of plasmids
purified from the culture were derived from
pRW3247, these contained a shorter CTG repeat
(Figure 6B). The only difference between the two
plasmids in the bacteria is the orientation of their
TRS. Thus, there is an intrinsic property of (CTG):ss
in orientation Il that makes it more difficult for the
bacteria to grow.

following ratios: circle, 1:1.017; square, 1:1.1; triangle,
1:1.2. For example, a ratio of 1:1.1 designates doubling
times of 60 minutes and 66 minutes for the two sets of
cells. The lag phase of both cell types was set at a constant
60 minutes.
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Figure 6. Comparison of the rate of growth of E. coli
containing plasmids with different CTG repeats. E. coli
HB101 was transformed with purified supercoiled
monomer of the designated plasmids and grown
separately, or in combination with other cells as
indicated, in LB containing ampicillin (100 pg/ml) at
37°C. When cultures reached stationary phase (Agp Of 2.1
to 3.0) they were subcultured into fresh medium, with a
dilution factor of 10°. Cells from each growth were
harvested and the pellets were stored at —80°C. DNA
from all cultures was purified and analyzed as described
in Materials and Methods. The numbers above each
experimental sample indicate the number of generations
at the time of harvesting, with 25 generations being
equivalent to each cycle of growth into stationary phase.
A, Growth of pRW3244 ((CTG);; in orientation 1),
pPRW3248 ((CTG).7s in orientation 1) and a mixture of the
two plasmids. Cultures containing both plasmids were
prepared with two starting amounts of pRW3244
(approximately 1:1 and 1:5 for pRW3244:pRW3248).
Supercoiled DNA was electrophoresed through a 1.5%
agarose gel in TBE buffer. M is a marker containing
supercoiled pRW3244 and pRW3248. B, Growth of
pRW3247 ((CTG)7s in orientation I1), pRW3248 ((CTG)urs
in orientation 1)) and a mixture of the two plasmids. DNA
from all cultures was purified, digested with Xmnl and
Xbal, and electrophoresed through a 1.5% agarose gel in
TBE buffer. Samples of supercoiled pRW3247 and
PRW3248 were processed in the same manner to serve as
markers. Note that, because of the altered position of the
Xbal site and the inverted orientation of the CTG repeat
in the two plasmids, deletions within the TRS are
observed from different fragments for pRW3247 and
pRW3248. The arrows at the side designate the bands that
contain the TRS for each plasmid; the bracket indicates
that fragments arising from pRW3247 have different sizes
due to deletions within the TRS.

Alterations of the growth rates of  E. coli
produce different rates of deletions of
CTG repeats

The growth states of E. coli profoundly alter the
observed extent of deletions in CTG tracts. Hence,
we investigated the effect of wvarious growth
conditions on the stability of the repeats. Bacteria
were transformed with either pRW3247 or
PRW3248 and long-term growth experiments were
performed as described above (see Figures 3 and 6).
The cultures were grown in liquid culture under
three types of environmental conditions: (1)
incubation temperature of 30°C, shaking rate of
250 rpm; (2) incubation temperature of 37°C,
shaking rate of 250 rpm; (3) incubation temperature
of 37°C, shaking rate of 175rpm. At each
subculturing, a portion of the bacteria was
harvested and the plasmids purified and analyzed
by restriction mapping. For pRW3247 and
pRW3248, the greatest extent of deletions was
observed upon incubation at 37°C and 250 rpm,
conditions that allowed the fastest growth-rates
(Figure 7). When the bacteria were incubated under
conditions that allowed a slower growth-rate
(lower temperature, slower shaking speed), plas-
mids with deleted CTG repeats were formed, but
these did not take over the culture to the same
extent as those inocula at 37°C and 250 rpm.

Bacterial growth is influenced by the medium
used for the cultures, and is slower in minimal
medium compared with LB. In experiments similar
to those described here, bacteria harboring plas-
mids containing long CTG tracts showed a
decreased extent of deletions when grown in
minimal medium compared with those grown in
LB (unpublished results).

Thus, bacteria that harbored deleted plasmids
did not gain as much of a growth advantage under
slower growth-rate conditions. Despite complexi-
ties introduced by cell physiology changes at
different growth conditions, these observations are
consistent with our proposal that the accumulation
of deleted products over many generations of
growth is due to the growth advantage of bacteria
harboring deleted plasmids.

Discussion

E. coli is an effective model system for the study
of the molecular mechanisms of expansion and
deletion of trinucleotide repeats (Wells, 1996).
Deletions were frequently observed to occur in an
unpredictable fashion in long CTG tracts in
plasmids, producing different lengths of TRS from
an initially homogeneous sample. As found
previously (Kang et al., 1995a), we observed an
increased frequency of deletions from plasmids
containing longer TRS, especially when the CTG
strand was the lagging strand template (orientation
I1). The stability of CGG repeats in plasmids was
influenced also by their length and orientation
(Shimizu et al., 1996). Deletion events occurred
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Figure 7. The effect of growth conditions of E. coli on
the stability of (CTG).7s in plasmids. E. coli HB101 was
transformed with purified supercoiled monomer of
pRW3247 ((CTG)i7s in orientation IlI) or pRW3248
((CTG)175 in orientation 1) and grown in LB containing
ampicillin (100 ng/Zml). For each plasmid, three cultures
were grown under different conditions: 30°C, shaking at
250 rpm; 37°C, shaking at 250 rpm; 37°C, shaking at 175
rpm. At stationary phase (Aspo of 1.7 to 2.5), the mixtures
were subcultured with a dilution of 10" and grown for 24
hours under the same conditions. At each subculturing,
cells were harvested and the pellets stored at —80°C.
DNA from all cultures was purified, digested with EcoRI
and Pstl, labeled with 2P using E. coli Klenow DNA
polymerase 1, and electrophoresed through a 5%
polyacrylamide gel in TBE buffer. The samples are shown
with the numbers directly above the samples indicating
the approximate number of generations at the time of
harvesting, with 25 generations being equivalent to each
cycle of growth into stationary phase. The growth
temperature and shaking rate of each sample were as
indicated. Markers M1 and M2 were as described for
Figure 2.

continuously during culture incubation and were
particularly prominent at extended growth times.
Also, the conditions of growth were critical and the
extent of deletions was influenced by the bacterial
growth phases, being greatly enhanced when the
cells passed through stationary phase. To our
knowledge, these are the first observations showing
the direct influence of a plasmid-based DNA
sequence or conformation on the growth character-
istics of the host cell.

Several other factors influence the stability of
long CTG repeats in plasmids in E. coli. Dramatic
effects have been observed in different strains, with
an enhancement of triplet repeat stability in strains
with a deficient methyl-directed mismatch repair
system (Jaworski et al., 1995) or a functional
single-stranded binding protein (Rosche et al.,
1996). Different stabilities for TRS have been
observed when they are cloned at different plasmid

locations (Kang et al., 1995a; Shimizu et al., 1996;
unpublished results). All of these observations may
be explained by altered growth characteristics, or
by the action of specific gene products on the TRS.
Taken together, these data indicate that the stability
of triplet repeats in E. coli is a complex process
involving many factors. We expect that the ability
of the TRS to form unusual DNA structures
(Pearson & Sinden, 1996; Wells, 1996; unpublished
results), along with their specific interactions with
cellular proteins, are critical. Regardless of the
mechanism responsible for deletions, the length
changes within TRS produce E. coli that are
propagated with different growth characteristics
(i.e. different lag phases but similar rates of
exponential growth).

Interactions between E. coli growth
characteristics and the stability of
CTG repeats

A culture of E. coli is under constant pressure to
evolve due to the production of mutant cell types,
even in a fixed environment (Marr, 1991). In our
experiments, the accumulation of deleted products
over many generations is due to the growth
advantage obtained by bacteria harboring deleted
plasmids. Analysis of the growth of bacterial cells
harboring plasmids with different CTG repeats
showed differences in their lag phase; cells had a
longer lag phase if they contained plasmids with
longer repeats, or with repeats in orientation Il. The
composition of the culture changed most dramati-
cally when it passed through a number of
stationary phases, and our simulations of bacterial
growth rates support the notion that the main
determinant for a growth advantage was due to the
effects at lag phase.

Our data show that, upon inoculation of fresh
cultures, those cells containing the deleted products
reached exponential growth earlier than those with
non-deleted CTG tracts. During growth that cycled
through stationary phase a number of times, cells
containing plasmids with deletions increased their
proportion of the culture. The observed frequency
of deletions was proportional to the actual rate, but
it was artificially increased due to the growth
advantage of deleted products. High rates of
deletions were not seen for plasmids with short
repeat lengths ((CTG)y7) or in orientation 1) because
deleted products did not give an advantage to their
host cell. The extremely high rate of deletions of
pRW3247 most likely occurred because of the
reduced viability of stationary phase cells that
contained plasmid with the full-length CTG repeat;
the smaller number of cells would give rise to a
longer lag phase (Neidhardt et al., 1990) This
reduced viability may actually have promoted
deletion events as the cells endeavored to survive.

Although the factors causing deletions are not
well defined, it is clear that the growth character-
istics of E. coli influence the observed extent of
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deletions in CTG tracts. Those conditions allowing
faster growth-rates generated a higher accumu-
lation of deleted products (Figure 7 and unpub-
lished results). These observations may be
explained by a greater growth advantage for
deleted products at increased growth-rates, or there
may be some effects due to the changes in cellular
physiology that occur under different growth
conditions.

Bacterial cells grown in batch cultures have
complex growth patterns, particularly in rich media
(Akerlund et al., 1995). Changes in cellular growth
occur in a gradual fashion and are dictated by the
environmental conditions. Therefore, the defi-
nitions of bacterial growth phases are somewhat
arbitrary and are not necessarily the same for
different experimental procedures (Kolter et al.,
1993). In general, the onset of stationary phase is
indicated when there is no overall growth of the
bacteria within the batch culture.

Stationary phase cultures continue to undergo
changes that alter the metabolism within the cell.
Growth advantages were previously observed for
ten-day old bacterial cultures when mixed with
one-day old cultures (Zambrano & Kolter, 1993;
Zambrano et al., 1993), which were attributed to
specific mutations. Certain mutations in rpoS, the
gene coding for the stationary phase-specific sigma
factor of RNA polymerase, also confer advantages
to stationary phase cells (Hengge-Aronis, 1993).
Cell types with a growth advantage will be favored
within any culture because of their optimal use of
nutrients; the pressures for such selections are
expected to arise from changes in bacterial cell
physiology (Marr, 1991). In this study, the selection
pressures are due to the presence of the TRS, and
the growth advantages must arise from an intrinsic
property of the TRS (sequence or structure). These
novel observations suggest that specific changes in
the TRS are induced in stationary phase.

Stationary phase bacteria have a different
physiology compared with those in exponential
growth (Siegele & Kolter, 1992; Kolter et al., 1993).
A wide variety of novel proteins are induced upon
entry into stationary phase; possibly, one of these
promotes deletion events. Alternatively, if the
deletion events are associated with replication, the
formation of intermediates may occur as the cells
leave stationary phase and begin replication again.
Many proteins play important roles in replication,
and the cellular concentrations of some of these
change under different growth conditions. Elucida-
tion of the details of the mechanism(s) by which
stationary phase influences deletion events requires
further analysis.

Factors influencing deletion frequency

Like all simple repeating sequences cloned in
bacteria so far, TRS delete readily. The extent of
deletions increases with the length of the repeat,
making it difficult to clone long TRS that are stable.

Expansion of some TRS has been observed in E. coli,
but technical intervention is required to increase the
proportion of expanded product (Kang et al., 1995a,
1996; Ohshima et al., 1996c). Presumably, the
extensive manipulation is necessary because the
growth advantage of E. coli harboring the original
(shorter) plasmid will not allow the expanded
products to build up to a high proportion of the
total plasmids.

Factors influencing the stability of TRS include:
(1) host strain. A number of genetic factors are
known to influence TRS stability (Jaworski et al.,
1995; Rosche et al., 1996), and, in general, we
observe fewest deletions in E. coli strains HB101
and SURE. (2) The location of the TRS in the vector
influences the extent of deletions (Kang et al., 1995a;
Shimizu et al., 1996; and unpublished results).
These effects are probably due to the TRS
disturbing processes taking place on the DNA, such
as replication, recombination, repair or transcrip-
tion. (3) Orientation of the TRS. The stability of long
CTG and CGG repeats is different in their two
orientations (Kang et al., 1995a; Shimizu et al., 1996).
This is possibly due to the two strands forming
folded structures of different stabilities (Gacy et al.,
1995; Smith et al., 1995; Yu et al., 1995a; Pearson &
Sinden, 1996). (4) Vectors. Cloning of the TRS in
different vectors alters their stability (Kang et al.,
1995a; Shimizu et al., 1996). This is due, at least in
part, to vector factors such as copy number, but
may be due to the locations of the TRS in various,
vectors. (5) Homogeneity of TRS. Interruptions
within trinucleotide repeats have important conse-
guences for triplet repeat diseases due to their
influence on the stability of the repeating sequence
(Chung et al., 1993; Eichler et al., 1994). The longest
triplet repeat sequence used in these experiments
contains two non-CTG units (Kang et al., 1995a).
These polymorphisms reduce the greatest length of
homogeneous triplet repeat, and undoubtedly act
to increase the stability of the sequences. (6) Growth
conditions influence the stability of TRS in plasmids
contained in E. coli. To reduce the extent of
deletions, it is beneficial to grow the bacterial
cultures at slower rates. If it is necessary to grow the
cultures for many generations, the extent of
deletions is reduced by maintaining the cultures in
exponential growth phase.

Relationship of experiments in  E. coli to

human triplet repeat diseases

Investigations into the stability of repeating
sequences in E. coli are important from a practical
standpoint, since the cloning of TRS in bacteria
enables their subsequent manipulation in more
complex systems. Such studies have the potential to
provide models of the molecular mechanisms of
processes found in humans. Human sequences
contain much heterogeneity at TRS (Ashley &
Warren, 1995; Sutherland & Richards, 1995), but
expanded sequences are tolerated better than in
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E. coli. At the moment, the reasons for such
differences between repeat instability in humans
and bacterial cells remain to be determined.

The propagation of triplet repeats in plasmids in
E. coli is difficult because of frequent deletions
within the repeat sequences. This study shows that
this high instability relates to the growth con-
ditions. At times of rich nutrition, such as growth
in LB, the bacterial cell divides as fast as possible;
thus, growth advantages associated with shorter
triplet repeats will always be propagated. In
multicellular organisms such as humans, the
survival of the whole organism is paramount. Thus,
the relationship between repeat instability and
cellular growth that was found for E. coli in this
study is unlikely to hold for the propagation of
triplet repeats in humans.

Distribution of repeating sequences within
natural genomes

Repeating DNA sequences (direct repeats, in-
verted repeats, mirror repeats) are widely dis-
persed in natural genomes (Charlesworth et al.,
1994; Tautz & Schldtterer, 1994; Sutherland &
Richards, 1995). These sequences can form a
number of different non-B DNA structures (Sinden
& Wells, 1992), which would be expected to have
specific consequences (either good or bad) within
the cell. There is an over-abundance of some
sequences in eukaryotes, but prokaryotes do not
contain repetitive DNA sequences of substantial
length (Behe, 1995; Schroth & Ho, 1995; Karlin &
Burge, 1996). This suggests that simple repeating
sequences provide no beneficial functions in
prokaryotes and that they have been discarded
(deleted) throughout evolution. This study shows
that the removal of repeating sequences may be a
consequence of their effects on the cell. If it is
assumed that simple repeating sequences confer a
growth disadvantage for their host cell, then cells
containing deletions would be propagated more
efficiently. Hence, it is not surprising that they have
been almost totally removed from the genome.

The growth advantages of E. coli containing
deletions of TRS accounts for the observed high
frequencies of deletions in bacterial systems.
Studies in E. coli have provided numerous insights
into the factors affecting stability of repeated DNA
sequences, although it is clear that complete
comprehension of the biology of the triplet repeat
diseases requires studies in complex systems.

Materials and Methods
Plasmids and bacterial strains

The plasmids used in these experiments contained
repeating (CTG):(CAG) inserts and have been described
elsewhere (Kang et al., 1995a). The (CTG)-(CAG) inserts
may be designated (TGC)-(GCA) or (GCT)-(AGC), and
are referred to as CTG for convenience. The orientation
of this TRS with respect to the direction of replication

within these plasmids has been defined (Kang et al.,
1995a) as follows: plasmids containing the CTG sequence
as the leading strand template are designated orientation
I; plasmids containing the CTG sequence as the lagging
strand template are designated orientation Il. All
plasmids used in this study are derivatives of pUC18
Notl (Herrero et al., 1990; Kang et al., 1995), with different
lengths of (CTG), cloned in the Hincll site: pPRW3243 and
pRW3244 contain (CTG);; in orientations Il and I,
respectively; pRW3245 and pRW3246 contain (CTG)gs in
orientations Il and I, respectively; and pRW3247 and
pRW3248 contain (CTG)i;s in orientations Il and I,
respectively. It should be noted that the longest sequence
is not completely homogeneous but is actually
(GCT);ACT(GCT)4ACT(GCT)106. Figure 1 shows a map
of pRW3247 with the restriction sites relevant to this
study; pRW3248 is the same except that the sequence
between the Notl sites is cloned in the reverse orientation.

Large amounts of plasmids were prepared by alkaline
lysis of a one liter culture (LB containing 100 png/ml
ampicillin) grown to stationary phase and were purified
by CsCl/ethidium bromide ultracentrifugation overnight
(Sambrook et al., 1989). Plasmid identity was confirmed
using restriction enzyme mapping and dideoxy sequenc-
ing of both strands with Sequenase (version 2.0).
Purification of plasmids from 10ml cultures was
performed using the standard alkaline lysis miniprep
procedure (Sambrook et al., 1989).

All cloning procedures and experiments were con-
ducted in E. coli HB101. All DNA transformations of
E. coli were performed by electroporation (Hanahan et al.,
1991). To obtain plasmids for transformation without
deletions, a sample of CsCl-purified DNA (about 2 ng)
was electrophoresed on a 1.5% (w/v) agarose gel and,
after staining of the gel with ethidium bromide
(1 ng/ml), a section of the gel containing the full-length
supercoiled monomer plasmid was excised. The DNA
was recovered from the crushed gel slice by extraction
with phenol, precipitated with sodium acetate and
ethanol, and resuspended in sterile water. For each
experiment, electroporations were performed with an
excess of number of cells to DNA molecules so that, in
general, transformation of a cell should have occurred by
a single plasmid molecule (Hanahan et al., 1991). The
bacteria were allowed to recover at 37°C in SOC medium
(2% (w/v) Bacto-tryptone, 0.5% yeast extract (w/V),
10 mM NaCl, 2.5 mM KCI, 10 mM MgCl,, 10 mM MgSOQsy,
20 mM glucose, pH 7.0) for 30 to 45 minutes and then
grown in liquid culture with antibiotic selection. To find
the number of potential colony-forming units within each
transformation, 20 ul of the transformation mixture was
grown overnight at 37°C on LB-agar plates containing
antibiotic.

Conditions of bacterial growth

The stability of plasmids containing various lengths of
repeating CTG sequences was analyzed under a number
of growth conditions. In the basic procedure, E. coli
HB101 was transformed with the appropriate plasmid
and an aliquot of this mixture was inoculated into glass
tubes (150 mm length, 17 mm diameter) containing 10 ml
of LB with ampicillin at 100 ug/ml. To provide an
estimate of the number of viable cells in the transform-
ation mixture, another aliquot was plated on LB with
ampicillin at 50 pg/ml and grown overnight at 37°C.
Incubations of the liquid cultures were continued for the
required time at 37°C and a shaking rate of 250 rpm,
unless indicated otherwise in the text. Growth of the
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cultures was monitored by absorbance readings at
600 nm. In order to correct for deviations from linearity
in Ago readings above 0.5, the measured absorbance
readings were converted to the true values by use of a
calibration curve specific for the spectrophotometer and
strain of E. coli.

The bacteria were subcultured into fresh liquid
medium as appropriate. The cells from each culture were
harvested and kept at —-80°C until the end of the
experiment, and then all DNA mini-preps were
performed at the same time. The number of generations
of growth (n) for each sample to produce N; cells from
No cells was estimated from the equation:

Nit/No = 2"

assuming an Asg of 0.6 corresponds to 2 x 108 cells/ml
(Table 1). For example, if one cell is grown for 20 division
times (generations) there will be approximately 10°
progeny cells.

The viability of cultures containing the plasmids was
determined at mid-exponential and stationary phases of
growth. Aliquots of the cultures were diluted (4 x 10%)
and 50 pl of this solution was spread on LB-ampicillin
plates. The number of colonies were counted after
overnight incubation of the plates at 37°C, and the
number of viable cells per ml of the original solution was
calculated.

Analysis of DNA

Supercoiled plasmids were electrophoresed on 1.5%
agarose gels in TBE buffer (90 mM Tris-borate, 1 mM
EDTA, pH 8.3). Restriction digests were performed
following the manufacturer’s instructions, and the
samples were analyzed by electrophoresis through 1.5%
agarose or 5% polyacrylamide gels in TBE buffer. DNA
samples electrophoresed through agarose gels were
observed by staining of the gel with ethidium bromide
(1 pg/ml) and visualized on a trans-illuminator. Gels
were photographed through a red filter using Polaroid 55
film. DNA samples that were electrophoresed through
polyacrylamide gels were first radio-labeled using the
standard procedure of end-filling with E. coli DNA
polymerase Klenow fragment incubated with [o-
2P1dATP (Sambrook et al., 1989); radioactive fragments
were observed with autoradiography or by a phospho-
rimager (400S, Molecular Dynamics). Quantification of
the gels was performed directly upon the phosphorim-
age.

Simulations of bacterial growth

Calculations were performed that simulated the
bacterial growth in a culture containing a mixture of cells,
each with different growth characteristics with respect to
their steady state growth-rates or lag phases. For
simplicity, in these calculations only two types of cells
were included and we considered that no growth took
place in the lag phase. After the specified time of lag
phase, the cells were allowed to double at a constant
steady-state rate. Thus, the total number of cells in the
culture, Xr, was calculated according to the equation:

Xr = Xa(2%) + Xp(2%)

where X, and X, are the initial number of cells for the two
cell types, t is the time of growth (in minutes), and k, and
ko are the growth-rate constants for the two cell types (in
minutes™, since it is the reciprocal of the doubling time).

The simulations began with a mixed culture containing
two types of cells at a ratio of 99:1. For all calculations,
the cell type that began at 1% of the culture was given
a growth advantage, either a shorter lag phase or a
shorter doubling time. Growth within the culture was
abruptly stopped when the number of cells reached a
specified cell density. The proportions of each cell type
at this stage were used in another cycle of calculated
growth, in order to simulate our long-term growth
experiments in which the bacterial cultures were allowed
to pass through stationary phase between each subcultur-
ing. Calculations were performed for variations in the
relative lag phases and steady-state growth rates for the
two cell types. Calculations were performed to simulate
long-term growth in exponential phase, in which the
cultures were allowed to go through 100 doublings
(generations) after the lag phase.
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