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Trinucleotide repeats

affect

DNA replication in vivo

George M. Samadashwily, Gordana Raca & Sergei M. Mirkin

(€CGG),(CCG), and (CTG), (CAG), repeats of varying length were cloned into a bacterial plasmid, and the
progression of the replication fork through these repeats was followed using electrophoretic analysis of
replication intermediates. We observed stalling of the replication fork within repeated DNAs and found that this
effect depends on repeat length, repeat orientation relative to the replication origin and the status of protein
synthesis in a cell. Interruptions within repeated DNAs, similar to those observed in human genes, abolished the
replication blockage. Our results suggest that the formation of unusual DNA structures by trinucieotide repeats
in the lagging-strand template may account for the observed replication blockage and have relevance to repeat

expansion in humans.

More than a dozen human disorders are now attributed to the
length polymorphism of simple DNA repeats within dif-
ferent human genes'™. Trinucleotide repeats-—specifically
(CGG), (CCG),, (CTG),(CAG), and (GAA) (TTC),—ac-
count for most of these cases. Trinucleotide repeats expand with
a length-dependent probability. In normal individuals carrying
five to 30 repeats, expansion is highly unlikely. Individuals with
repeat numbers exceeding a threshold of approximately 30 can
transmit expanded repeats to their progeny. In the following
generations, expansions become more frequent, and each subse-
quent expansion has a higher probability than the previous one.
This phenomenon is likely to account for the anticipation in the
inheritance of these disorders®>.

The dependence of expansion on repeat length suggests the
involvement of unusual secondary DNA structures®. This notion
is supported by several lines of experimental data. Double-
stranded trinucleotide repeats differ from canonical B-DNA”*S,
Single DNA strands of expandable repeats can fold into defined
compact structures’'2. NMR analysis showed that these repeats
fold into imperfect hairpins'®-!%, and it was hypothesized that
the threshold length for expansion may reflect the threshold
energy of hairpin formation!?. Other structures, such as quadru-
plexes'®!7 and triplexes!®, were also discussed.

The mechanisms of repeat expansion remain unknown, but
most data implicate replication in this process. A good example
is the polar variations observed by sequence analysis of fragile X
families. (CGG), repeats in the FMRI gene are usually inter-
rupted by several dispersed AGG triplets'®-2!. Expansion of these
repeats occurs exclusively at their 3° flanks, and the expanded
part lacks any interruptions?%2!, Similar polar variations were
reported for (CAG), repeat expansion?. This polarity can be
explained by anomalous repeat replication from a single adjacent
replication origin, assuming different fidelity of the leading- and
lagging-strand synthesis®3.

Further, in vitro DNA polymerization through trinucleotide
repeats is abnormal. In both double-stranded?%2 and single-
stranded?® DNA templates, polymerization was blocked within
repeated segments, possibly because of their unusual secondary
structures. This blockage can facilitate a misalignment between

the newly synthesized and the template DNA strand®>, poten-
tially leading to expansion.

Studies of trinucleotide repeats in bacterial plasmids also sup-
port the replication hypothesis; whereas long (CTG), or (CGG),
repeats are deleted from the lagging-strand template, but ex-
panded in the leading-strand template?’-3!, suggesting that the
formation of hairpins by these repeats in either the lagging-
strand template or the newly synthesized lagging strand caused
deletions or expansions, respectively.

Information on in vivo replication of trinucleotide repeats is
scarce. The fragile-X mutation causes delayed replication®%,
although the latter occurs in a substantial part of the X chromo-
some and is unlikely to be due to the replication of the
(CGG), (CCQ), tract itself>*. To obtain direct data on trinucleo-
tide repeats replication in vivo, we analysed the movement of the
replication-fork through these repeats within bacterial plasmids
by means of electrophoretic analysis of replication intermedi-
ates®®>. We found that (CGG), (CCG), and (CTG),(CAG),
repeats blocked replication-fork progression, and the efficiency of
blockage depended on the repeat length, its orientations relative
to the replication origin and the presence of the protein synthesis
inhibitor chloramphenicol. We believe that the structure of
repeated DNA in the lagging-strand template is responsible for
the replication blockage.

Repeats arrest DNA replication in vivo

We analysed the effects of various trinucleotide repeats on the
replication of bacterial ColEl-type plasmids in vivo. Because
these plasmids replicate unidirectionally®, we were able to dis-
tinguish between the different strands of each repeat on leading-
and lagging-strand DNA synthesis by cloning each repeat in two
orientations relative to the replication origin.

We generated long (CGG),-(CCG), stretches by PCR using
d(CGG),, and d(CCG);, oligonucleotides (see Methods) and
cloned into a deletion-derivative of the pTrc99A plasmid®’
(Fig. 1). In this derivative, the amp gene is under the control of
the Placl9, and the polylinker is located between this promoter
and the translational start of the amp gene. The two orientations
of the polylinker allowed us to clone repeats in both orientations
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relative to the origin of replication (ori; Fig. 1). Cloned repeats
were located approximately 1.4 kb downstream of ori and
approximately 1 kb downstream from the pasH site—that is, in
the area replicated by the DNA polymerase III.

To analyse the replication-fork movement, we used two-dimen-
sional neutral/neutral electrophoresis of replication intermediates>.
As our plasmids replicate unidirectionally, one might expect the
appearance of bubble-like structures upon isolating the replicating
DNA and cleaving it with a restriction enzyme upstream of ori%,
Bubbles differ from non-replicated DNA in both their size and
shape, allowing one to separate them by gel electrophoresis. As a
result, one can observe a characteristic bubble arc (Fig. 1). Pausing
of the replication fork at an insert would lead to the preferential
accumulation of intermediates of a given length and shape—that
is, the appearance of a bulge on an otherwise smooth bubble arc,

Owing to the directionality of plasmid replication, either
(CGG),, or (CCG),, repeats appeared in the lagging-strand tem-
plate; the plasmids are named accordingly. A control plasmid,
pTrc99A, has a smooth bubble arc (Fig. 2a), while plasmids con-
taining long (CGG),-(CCG), repeats show evident replication
stop signals in the bubble arc. Using semi-quantitative analysis
(see Methods), we estimated the ‘stop strength’ as the ratio of the
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Fig. 1 Schematic representation of two dimensiona! N/N gel elec-
trophoresis for the pTrc99A plasmid. Plasmid structure is presented
in the upper left corner. The restriction enzyme AMMNI cleaves this
plasmid at a unique site located upstream of ori. Replicative inter-
mediates digested by AiwNI are bubble-like, and the size of a bub-
ble reflects the extent of replication (left panel). The right panel
schematically shows the separation of bubble-like replicative inter-
mediates by two dimensional gel electrophoresis.

actual film density to the expected film density of a smooth repli-
cation arc at this point. The strength of the stops depended on
both the length and the orientation of the repeat (Fig. 2b). For
p(CGG),, plasmids, stops are evident but weak for 14<n<31,
but become four times stronger for n=50. For p(CCG),, plas-
mids, stops are barely distinguishable for n < 50, but become
strong at n=70.

The length and orientation dependence of (CGG),-(CCG),,
repeats on replication suggests that the observed inhibition is
due to their DNA structure. Protein-binding could not be ruled
out as a mechanism, however. To address this concern, we an-
alysed the replication of our plasmids in bacterial cells in the
presence of chloramphenicol, which blocks the replication of the
bacterial chromosome but not ColEl-type plasmids®. Con-
sequently, plasmid DNA amplifies, while the protein content
remains, at most, constant. If protein binding were essential,
replication stops should diminish under chloramphenicol treat-
ment. Prolonged chloramphenicol treatment (for five hours)
does not abolish replication arrest for either p(CGG)ye or
P(CGG),, (Fig. 3), and even enhances the stop-intensity for the
P(CGG),¢ plasmid, We believe, therefore, that protein binding is
not responsible for the replication blockage.
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Fig. 2 Analysis of replication intermediates of plasmids with differ-
ent (CGG),(CCG), inserts. a, Two-dimensional gel electrophoresis
of replication intermediates. Plasmids are named according to the
sequence of the lagging strand template. Arrows show replication
stop sites. b, Semi-quantitative analysis of the replication stop
intensity from several experiments. The strength of the stop is
characterized by the ratio of the observed density of the stop sig-
nal to the expected density of the smooth arc at this position
(Dobs/Dexp). Filled squares, p(CGG), plasmids; open squares,
p(CCG),, plasmids.
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Fig. 3 The effect of chioramphenicol on plasmid replica-
tion. a, Two-dimensional gel electrophoresis of replica-
tion intermediates. Plasmids are named as in Fig. 2a.
Incubation time with chloramphenicol is indicated at the
bottom of each column. Arrows show replication stop
sites. b, Semi-quantitative analysis of replication stops
from three experiments. Filled columns, p(CGG),s open
columns, p(CCG);.

p(CCGYyo

Previous analysis of fragile-X repeats from different human
DNAs revealed that (CGG), stretches are commonly interrupted
by several AGG trinucleotides?®. Twenty-four uninterrupted CGG
blocks are believed to be prone to expansion®’. To determine how
AGG interruptions within the (CGG),, stretch would affect repli-
cation in vivo, we generated these repeats by PCR, using
(CGG)sAGG(CGG), and (CCG)sCCT(CCG), primers to gener-
ate multiply interrupted (CGG),(CGG),, stretches. After cloning
and sequencing, we picked two clones with five different AGG
substitutions within the (CGG)s, stretch (Fig. 4). Analysis of repli-
cation intermediates of such plasmids demonstrated that the AGG
mutations abolish the replication arrest. Mutant 1, in which the
longest consecutive (CGG),, block is six repeats, does not block
replication, whereas mutant 2, with the longest consecutive
(CGG),, block of eight repeats, shows traces of replication stops.

Because our inserts were located in the transcribed area, we
were not certain whether their effects on replication were direct or
mediated by transcription through these repeats, To address this
question, we cloned two (CGG),-(CCG),, repeats in both orienta-
tions into a mini-pBR plasmid (Fig. 5a). Our inserts were located
upstream of the amp promoter P3 (ref. 40) in the non-transcribed
area. The patterns of replication-fork movement were qualitatively
similar to those observed for the pTrc derivatives (Fig. 5b).
Replication arrest for (CGG),, repeats in the lagging strand was
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Fig. 4 Effects of AGG interruptions in the (CGG)3, stretch on replication blockage. The
upper panel schematically presents the repeat composition, where open and solid circles
correspond to CGG and AGG trinucleotides, respectively. The lower panel shows the 2D

analysis of replication intermediates.
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evident at n=31 and four times stronger at n=63 (Fig. 5c). In con-
trast, for (CGG),, repeats in the lagging-strand template, stops
became evident only at n=63. We believe, therefore, that this rep-
lication blockage is not due to transcription.

To study the relation between the stop sites and the repeated
inserts, we used a modified version of electrophoretic analysis of
replication intermediates (Fig. 6a; ref. 41). After the first dimen-
sion of electrophoresis, replication intermediates were
digested with a restriction enzyme in the gel. As a
result, some bubble-shaped intermediates (marked by
filled squares) converted into identical Y-shaped inter-
mediates. In the second dimension of the electrophore-
sis, these intermediates migrate identically and are
detected as a horizontal line upon hybridization with a
probe adjacent to ori. If the replication fork is stalled
within a repeat, restriction cleavage downstream of the
repeat (relative to ori) would leave the stop on the bub-
ble arc, while upstream cleavage would shift the stop to
the horizontal line.

Cleavage of replication intermediates with EcoR1
(located downstream from the insert) leaves the repli-
cation stop on the bubble arc, while cleavage by
upstream HindIIl shifts the stop onto the horizontal
line (Fig. 6b; spot 1). We conclude, therefore, that the
replication fork is stalled within the (CGG)g3-(CCG)g3
stretch. HindIII cleavage also results in the appearance
of an additional spot (spot 2) which co-migrates with
spot 1 in the first dimension but migrates more slowly
in the second dimension. Although the nature of spot
2 is unknown, we speculate that it may reflect replica-
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Fig. 5 Analysis of replication intermediates of plasmids with (CGG),(CCG), inserts. a, Structure of the mini-pBR derivative. b, Two-dimensional analysis of repli-
cation intermediates. Plasmids are named according to the sequence of the lagging-strand template. The arrow shows replication stops. ¢, Semi-quantitative
analysis of the replication stop strength. Filled squares, p(CGG),; open squares, p(CCG),,.

tion intermediates in which a portion of the lagging strand
around the HindlIll site was not synthesized. Partial HindIII
digest of such intermediates would lead to the accumulation of
“butterfly-shaped DNA molecules (see diagram).

Effects of repeats on plasmid replication

The most common trinucleotide repeat to undergo expansion
in many human genes is (CTG),(CAG),. To determine
whether these repeats would arrest replication in a manner
similar to that found for the (CGG),-(CCG), repeats, we gen-
erated (CTG),-(CAG), stretches of varying length by PCR
using d(CTG)q and d(CAG),, primers, and cloned them into
the pTrc99A plasmid described above (Fig. 1) in two orienta-
tions relative to ori.
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Analysis of the replication intermediates of these plasmids
showed that only long inserts affected the replication-fork move-
ment {data not shown). Moreover, inhibition of replication was
evident only in the presence of the protein synthesis inhibitor
chloramphenicol even for the longest inserts. The (CTG)y
repeat in the lagging-strand template causes very weak replica-
tion fork pausing; the stop signal is somewhat more evident after
two hours with chloramphenicol, but becomes fivefold stronger
after five hours of treatment (Fig. 7). In contrast, the (CAG);,
repeat in the lagging-strand template does not affect replication
fork progression, regardless of chloramphenicol treatment.

These experiments indicate that (CTG)-(CAG), repeats cause
a length- and orientation-dependent replication blockage, simi-
lar to that caused by (CGG),:(CCG),,. The inhibitory effects of
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Fig. 6 Fine mapping of the replication stop sites in the p(CGG)g3 plasmid. @, Schematic representation of two dimensional gel electrophoresis upon restriction cleav-
age after the first dimension. The dotted vertical line shows the restriction cleavage. Filled squares mark identical Y-shaped intermediates resulting from cleavage.
The right panel shows a horizontal line corresponding to the migration of the latter intermediates. b, Electrophoretic separation of the replication intermediates.
Upper panel, no digestion; middle panel, EcoRl digestion; bottom panel, Hindlll digestion. Small arrows show stop sites on the bubble arc. Long arrows show stop
sites moving towards the horizontal line. Schematic representation of the structure of the intermediates in spots 1 and 2 are presented.
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(CTG),-(CAG), repeats on replication, however, are weaker and
become evident only upon protein synthesis blockage.

Discussion

Our results show that expandable (CGG),(CCG), and
(CTG),-(CAG), repeats block replication fork-progression in
vivo, and this effect depends on the repeats’ length, their orienta-
tion relative to the replication origin and the ratio of pro-
tein/DNA synthesis in bacterial cells. Fine mapping of the stop
sites revealed that they are located within the repeated DNA se-
quences. The exact mechanisms of replication blockage are un-
known, and several possibilities must be considered.

In principle, replication blockage could be due to the tight
protein binding to repeated DNA. However, our data— which
show that the protein synthesis inhibitor enhances, rather than
abolishes, replication blockage—make this explanation highly
unlikely. It is equally unlikely that the blockage is due to stalling
of the RNA polymerase within long repeats?>%3, because we
observed virtually the same effects whether the repeats were in
the transcribed or non-transcribed areas. The stability of trinu-
cleotide repeats depends on the activity of the mismatch-repair
system in bacterial and yeast cells**>, Thus, it is possible that
misalignments between the template and the novel DNA strands
of a repeat during replication could impede the replication fork.
This hypothesis, however, fails to explain the dependence of
replication blockage on repeat orientation.

We believe, therefore, that the DNA structure of trinucleotide

302

Fig. 7 Analysis of replication interme-
diates in the presence of chloram-
phenicol. a, Two-dimensional gel elec-
trophoresis of replication intermedi-
ates. Plasmids are named according to
the sequence of the lagging-strand
template. Incubation time with chlo-
ramphenicol is indicated at the bot-
tom of each column. Arrows show
replication stops. b, Semi-quantitative
analysis of replication stop strength
from four independent experiments
for the p(CTG)4q plasmid.

5 hrs

repeats is directly responsible for the replication fork blockage.
Individual strands of expandable trinucleotide repeats are able to
form hairpin-like structures, whose stability is length depen-
dent!4. DNA hairpins significantly affect polymerization kinet-
ics?®47, Qur data on the threshold repeat length causing
replication blockage (Fig. 2b) are in agreement with the data on
the threshold of hairpin formation!4. Thus, hairpin formation
by expandable repeats could account for our observations.

The orientation dependence could be due to the differences in the
mode of leading and lagging DNA strand synthesis*. Discontin-
uous synthesis of the lagging strand implies that a portion of the lag-
ging-strand template must be transiently single-stranded, so that a
trinucleotide repeat has a better chance to form a secondary struc-
ture when in the lagging-strand template. If this is correct, our data
predict that the structural potential of different trinucleotide repeats
in vivo is d(CGG),>d(CCG),>d(CTG),>d(CAG),,. This predic-
tion is in qualitative agreement with the data on hairpins formed
by trinucleotide repeats in vitro'®'314 The synthesis of both DNA
strands during replication is believed to be co-ordinated?, so the
arrest of the lagging-strand synthesis should stop the replication
fork as a whole. This notion is additionally supported by our data
on the mapping of replication stops (Fig. 6b), indicating the
under-replication of the lagging strand.

Our hypothesis can also explain the increased blockage of repli-
cation in the presence of chloramphenicol. While an unusual
DNA structure formed by repeated DNA might challenge DNA
polymerase, the structure could still be resolved by accessory
replication proteins, such as helicases or the single-strand binding
protein®. We speculate that under chloramphenicol treatment,
when plasmid DNA greatly amplifies while the protein level is at
best stagnant, accessory proteins may be lacking, enhancing the
negative effects of unusual secondary structures.

Are these results on replication in bacteria relevant to the
repeat expansion in humans? Two of our observations may indi-
cate that this is so. First, the threshold length of (CGG),-(CCG),
repeats causing replication blockage (n=30) is very similar to the
threshold length required for expansion in vivo (n=25; ref. 20).
Second, it is believed that AGG interruptions within the (CGG),
repeat in the FMRI gene prevent expansion, and they alleviate
replication blockage in our system.

The abnormalities of expandable repeat replication—and
specifically, the imbalance between the leading and the lagging
strand synthesis—is believed to contribute to repeat expansion.
Our results provide the first direct proof that trinucleotide repeats
affect replication and that the equilibrium between the leading-
and lagging-strand synthesis is involved. Thus, our working model
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is that the replication fork first stalls within the repeated DNA,
which may eventually lead to its expansion/deletion.

It is obvious how the replication blockage can cause deletions,
and our data are in agreement with the data on deletion forma-
tion in bacteria?”-?831, However, it is less obvious how replica-
tion stalling could lead to expansion. One explanation is that
replication-fork blockage could occasionally lead to hairpin for-
mation by the newly synthesized strand, resulting in expan-
sion?8. Another model is that the formation of a hairpin on the
lagging-strand template leads to the priming of an extra
Okazaki fragment, causing expansion?. Alternatively, the
unprocessed 5 flaps of the Okazaki fragments within these
repeats might lead to expansion*®4?. Finally, the accumulation
of trapped replication intermediates could stimulate recombi-
nation, provoking expansion. At present, we cannot distinguish
between these possibilities.

Methods

Oligonucleotides. Complementary oligodeoxyribonucleotides d(CGG)4 /
d(CCG);q, d(CGG)sAGG(CGG), / d(CCG)sCCT(CCG)4 and d(CTG);q /
d(CAG),, were synthesized and purified as previously described™.

Plasmids. Plasmid pTrc99A was obtained by substitution of an
EcoRV-Sspl fragment of the pTrc99A% with an Smal—-Hincll portion of
the pBluescript SK(-) (Stratagene) multiple cloning site. A mini-pBR
derivative was obtained by replacement of an EcoRI-Nrul fragment of the
pET15B (Novagen) with a synthetic polylinker.

PCR. Complementary oligonucleotides (500 nmol) were used in a stan-
dard 100-pl PCR reaction. Vent (exo~) polymerase (46 U) was used for
15-20 rounds of amplification (1 min at 94 °C, 1 min at 37 °C and 2.5 min
at 72 °C) in a Thermal Cycler 480 (Perkin Elmer). Because of the repeated
nature of our oligonucleotides, primers could serve as templates and PCR
products could serve as primers, resulting in a wide range of PCR products
of different lengths. Long PCR products were cloned into the EcoRV site of
pBluescript SK(-) and sequenced. Subsequently, the repeats were re-
cloned into the pTrc99A plasmid.

Bacteria. Plasmids were maintained in the XL1-Blue Escherichia coli strain
(Stratagene). Cells were grown in LB medium with 100 pg/ml of ampicillin
at 37 °C until the mid-logarithmic stage (A4=0.6). Alternatively, cells
were grown until early logarithmic stage (Agpo=~0.2), followed by the addi-
tion of 170 pg/ml of chloramphenicol.

Isolation of replication intermediates. Cell cultures were rapidly cooled
with ice-cold physiological solution and collected by centrifugation at
5,000 g. The cell pellet was washed in cold STE buffer, resuspended in 5 ml
of cold 25% w/v sucrose, 0.25 M Tris-HCl pH 8.0, 10 mg/ml lysozyme,
0.1 mg/ml RNase A and incubated on ice for 5 min; 1 ml of 0.5 M EDTA
was added, and the cell suspension was incubated on ice for 5 min. Cells
were lysed by addition of 8 ml of 1% v/v Brij-58, 0.4% w/v sodium deoxy-
cholate, 63 mM EDTA, 50 mM Tris-HCl pH 8.0. Lysates were incubated on
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ice for 10—20 min and centrifuged at 36,000 g for 1 h at 4 °C. Plasmid DNA
was precipitated from the supernatant by addition of 11 ml of 1.5 M NaCl,
25% PEG 8000. Proteins were hydrolyzed in 0.1% Sarcosil, 100 pg/ml pro-
teinase E for 20 min at 37 °C, followed by phenol extraction. Plasmid DNA
was then precipitated with ethanol.

Enrichment in replication intermediates was achieved by gradient cen-
trifugation. The DNA sample was supplemented with CsCl (1 g/1 ml) and
200 pg/ml of propidium iodide. Centrifugation was carried out at
400,000 g for 18 h. Replicative intermediates migrated between the super-
coiled and linear DNA.

Two dimensional gel electrophoresis. Replication intermediates were
digested by AWNI, loaded on a 0.4% agarose gel in TBE and run at
0.7 V/cm for 36 h at room temperature with continuous buffer recircula-
tion. The slice of the gel containing replication intermediates was cut out
and implanted into a 1% agarose gel in TBE with 0.6 pg/ml of ethidium
bromide. The second direction was run perpendicular to the first one for
5-6 h at 4-5 V/cm at 4 °C. The gel was treated with 0.25M HC] for 10-15
min, followed by denaturation/renaturation, transfer onto a Zeta-Probe
GT membrane (Bio-Rad) and hybridization with a plasmid.

Mapping of the replication stop sites. After the first dimension of the elec-
trophoresis, the slice of 0.4% agarose gel (Sea Kem LE) containing replica-
tion intermediates was soaked twice in TE for 30 min and twice in x1
restriction buffer for 30 min at room temperature. In-gel digestion was
carried out in 5 ml of X1 restriction buffer containing 3,000 U of an appro-
priate restriction enzyme for 15 h at 37 °C. Subsequently, the gel slice was
washed twice with 15 ml of TE and embedded in 1.5% agarose for the sec-
ond dimension of the electrophoresis.

Semi-quantitative analysis of replication arcs. Replication arcs developed
on X-ray film (Fuji Medical) were digitally analysed with a Kohu KM-1 lin-
ear CCD camera and the NIH Image software. Calibration to standard
amounts of radioactive label showed that the intensity of film exposure
was proportional to the label over two orders of magnitude, including
most of our readings from the 2D gels. To estimate the intensity of an arc at
different positions, we sampled the film density along the arc and normal-
ized the results to the background density of the film. The resultant values
were plotted against their relative distances along the arc, generating a den-
sity profile of the replication arc, where local maxima corresponded to
stops. The strength of the stop was measured as the ratio of its density to
the expected density of a smooth arc at this position (D y/Deyp)-
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