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ABSTRACT

The influence of nucleotide excision repair (NER), the
principal in vivo repair system for DNA damages, was
investigated in  Escherichia coli with uvrA, uvrB and
uvrAuvrB mutants with the triplet repeat sequences
(TRS) involved in myotonic dystrophy, the fragile X
syndrome and Friedreich’s ataxia. (CTG ¢CAG)175 was
more stable when the (CTG) strand was transcribed
than when the (CAG) strand was transcribed in the
alternate orientation. A lack of the UvrA protein
dramatically increases the instability of this TRS in vivo
as compared with the stability of the same sequence in
uvrB mutant, which produces an intact UvrA protein.
We propose that transcription transiently dissociates the
triplet repeat complementary strands enabling the non-
transcribed strand to fold into a hairpin conformation
which is then sufficiently stable that replication by-
passes the hairpin to give large deletions. If the TRS
was not transcribed, fewer deletions were observed.
Alternatively, in the uvrA  —mutant, the hairpins existing
on the lagging strand will suffer bypass DNA synthesis

to generate deleted molecules. Hence, NER, functionally
similar in both prokaryotes and eukaryotes, is an
important factor in the genetic instabilities of long
transcribed TRS implicated in human hereditary neuro-
logical diseases.

INTRODUCTION

Neurogenetic diseases including myotonic dystrophy (DM)

tracts in the target proteins, small slipped-register expansions and
deletions (SSED) may be responsilile However, for the massive
expansions involved in the Type 2 diseases such as DM and fragile
X, a different mechanism involving replication errofs-10) or
recombination 11-16) is likely. In addition to observations in
humans, TRS instabilities have been demonstratedcherichia

coli (5,6,17-23), yeast 4,11,24), transgenic mice25) and
cultured cells from patient2§,27).

The molecular mechanism responsible for the genetic instability
of TRS is influenced by many factors&). The availability of
genetically and biochemically defined systemg eoli enabled
detailed investigations of the TRS instabilities. Deletions and
expansions occur ia.coli (5,6) and TRS instability is influenced
by the direction of replication through the TR5(18,19). Also,

a destabilizing effect of active transcription into long (CTAG)
tracts was demonstrated 8. Different growth conditions,
especially entering a stationary phase Byoli harboring
(CTG=CAGQG) tracts 19), causes increased deletions of the TRS.
Functional single-stranded DNA-binding protein (SSB) was an
important cellular factor in maintaining the genetic stability of
triplet repeats ire.coli (22).

Numerous prior investigations have shown the occurrence of
minisatelite instabilities caused by inactivation of methyl directed
mismatch repair (MMR) or nucleotide excision repair (NER)
(28-39). Much less is known, however, about the involvement of
the repair systems in TRS instability3,{7,24,40). Long
(CTG*CAQG) repeats are stabilized in plasmidsEircoli with
mutations in the MMR genem(tS mutL or mutH). Mutations
in these genes prevent large (approximate multiples of 40 repeats)

fragile X syndrome, Huntington's disease, spinobulbar musculdiRS deletions. However, in the same genetic background, SSED
atrophy, spinocerebellar ataxia type 1 and Friedreich’s ataxRecur very frequentlyd). Similar data also were reported for
result from expanded triplet repeat sequences (TRS) KCAG),  Pmslandmsh2yeast mutants(). _

(CGGCCG) or (GAATTC)] within their genes 1(2). The NER is the major ceIIuIar' defen;e system in both prokaryotes
lengths of the TRS influence the age of onset and the increasdiefl eukaryotesi(). Defects in excision repair cause three human
severity of the neurological diseases through family pedigregiseases4?): xeroderma pigmentosum, Cockayne’s syndrome
(clinically referred to as anticipation). Long tracts of TRS arénd trichothiodystrophy. The substrate specificity of Enepli
unstable and show repeat size polymorphisms in successier(A)BC endonuclease is very wide and includes bulky DNA
generations and in different tissues. The expansion ever@igducts and DNA cross-links that cause significant distortion of
involved in the etiology of hereditary neurological diseases fathe DNA helix as well as less distortive lesions such as methylated
into two categories (Type 1 and Type 2). For relatively small  bases 43,44). The involvement of NER in the repair of DNA
TRS expansions (Type 1 diseases) involving expanded glutamito®ps has also been reporté&d,{5).
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Herein, we demonstrate that the deficiency of some NEE.coli AB2421 is isogenic with AB1157 exceptrA6uvrB45
functions dramatically affects the stability of long (GTGAG)  Strains AB1157, AB1886 and AB1885 were obtained from the
inserts in plasmids i&.coli. This stability is strongly dependent E.coli Genetic Stock CentdEscherichia colAB2421 strain was
on the orientation of the (CPGAG) tract, relative to the ColE1 a gift of Dr E. Tang (University of Texas, M. D. Anderson Cancer
origin of replication, and on active transcription into the TRS. Center, Science Park, Research Division, Smithville, TX).

MATERIALS AND METHODS Conditions of bacterial growth

Plasmids The plasmids containing various TRS were transformed into the
. . , o _appropriatee.coli strain and grown for a number of generations,

All plasmids used in these experiments containing repeatings describedl@). Briefly, E.coli cells were transformed with the

(CTG*CAG), or (CGGCCG), or (GAAsTTC), inserts are plasmids and an aliquot of this mixture was inoculated into 10 ml

shown in Table. of LB containing ampicillin at 10Qug/ml. Incubations of the
liquid cultures were continued overnight at @7t a shaking rate
Table 1.Plasmids used in this study of 250 r.p.m. The bacteria then were subcultured into fresh liquid
media with a dilution factor of Z0The cells from each culture
Plasmids TRS Vector Orientation were harvested and plasmids were isolated.

pRW3247  (CAG*CTG)7s pUCINot Il

PRW3268  (CAGCTG)7s  pUCL9 I Analysis of DNA
pRW3248 (CTGCAG)75 pUC1Not I The undeleted plasmids were isolated by elution of the full-length
supercoiled DNA from the appropriate location on the agarose

PRW3269  (CTGCAG)7s pUC19 ! gel. Transformation d&.coli cells with the DNA was performed

pPRWA4011 (CAGCTG)so puCis I using electroporation (Electroporator 1000, Stratagene). DNA
pRW3032 (CCGCGG)y pUC1Not I preparations, agarose and polyacrylamide gel electrophoreses
PRW4006 (CGGCCGy pUCI&Nof | were performed according to standard laboratory protot8js (-
Plasmids were prepared by alkaline lysis of 10 ml cultures using
pPRW3804 (GAATTC)70 pUCI1&ot I the standard alkaline lysis miniprep procedure. Restriction digests
PRW3803  (TTC*GAA)gs5 pUC1Not I were performed following the manufacturer’s instructions. All

plasmids except for pPRW3268 and pRW3269 were digested with

ot EcaRl andHindlll. pPRW3268 was cleaved wittcoRl andNdd
pRW3247 and pRW3248 are derivatives of pUGHdl and L
were described previousiy,6,17-19). The plasmids contain and pRW3269 was cleaved wifladR| andAfllll. The restriction

either (CAG)75 (PRW3247, orientation 1) or (CTG)s analyses were performed by electrophoresis through 7 or 6%

(PRW3248, orientation 1) as the leading strand template fd°lyacrylamide gels in TAE (40 mM Tris-acetate, 1 mM EDTA,
replication. This sequence is not homogeneous but contains thjg 8:0) buffer. The gels were stained with ethidium bromide and
G to A interruptions at repeats 28 and 69. Plasmids pRW3268 apigetographed. The negatives of the gels were scanned (3008,
PRW3269 contain the same insert cloned in both orientations gyjP/écular Dynamics) and the amount of the TRS containing
the vector lacks thBvul fragment containing the Lacpromoter ragment at fuII-Igngth was quan'qﬂed. For some experiments
region such that the (CFGAG) insert is not transcribed,( 7,18). (e restriction digests were radiolabeled usihgoli DNA

PRWA4011 is a derivative of pUC18 and contains an uninterrupt&@flymerase | Klenow fragment incubated with-FPdATP,
(CAG+CTG)s cloned in orientation Il. pRW3032 is a pUC19 subjected to PAGE and radiolabeled fragments were observed by

Not-based plasmid containing the (CETCG)y insert cloned  autoradiography or with a Phosphorimager (400S, Molecular
into the BanH! site, where the CCG is in the leading stranoDynam'CS)' Quantitation of these gels was performed directly on the

template £0). pRW4006 is a pUCISot-based plasmid containing PRoSphorimage. The percent of full-length of (STAG), 75 was

the F;ame2 ir)1$2rt cloned in oeientation I, Whepre the CGG is ingth%etermmed relative to all smaller fragments of DNA on the gel.
leading strand template. pRW3804 is a derivative of pUQiB

(46) containing the (GAATTC)7o fragment 47) inserted into the RESULTS

BanHl site of the vector. The plasmid was obtained byrthé/o  Effect of orientation of (CTG+CAG)1750n its stability in
expansion techniquet(); the GAA strand is in the leading strand NER proficient and deficient cells: orientation I

template. pPRW3803 is a derivative of pUQN& and the (TTCGys . - .

is in the leading strand template. These two plasmids werdhe effect of NER on the instability of the (CGAG)y 75insert

constructed and characterized by K. Ohshifiw. ( cloned in both orientation | and orientation Il in plasmids (Taple
was determined. The orientation of these TRS with respect to the

direction of replication within these plasmids was as follows:
plasmids containing the CTG sequence as the leading-strand
To study the influence of the NER system on the instability of theemplate are designated orientation I; plasmids containing the
TRS, the followingE.coli strains were used: AB115T{-1, CAG sequence as the leading-strand template are designated
ara-14, leuB6, D(gpt-proA)62, lacY1, tsx-33,'qsglnV44(AS)  orientation Il §). Several prior studies (L 7—19) revealed that the
galk2, 1, arc- hisG4(Oc)rfbD1, mgl-51, rpsL31(sn), kdgk51 ~ TRS in orientation | is substantially more stable due to the
xylA5 mtl1, argE3(Oc) thi-1] as a parent (wild-type) of the NER replication behavior on CTG hairpin loops which are relatively
deficient strainsk.coli AB1886 is isogenic with AB1157 except more thermodynamically stable than CAG hairpin lodgs3).

for uvrA6 E.coliAB1885 is isogenic with AB1157 exceptrB5 ~ Genetically definedE.coli strains were used (see Materials and

Bacterial strains
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Figure 1. Effect of orientation on instability of transcribed (CTGAG); 75 tracts in plasmids in wild-typE.coli and NER mutant strains. TEecoli strains were
transformed with purified non-deleted monomer of pPRW3247 (TRS in orientation 11) or pRW3248 (TRS in orientation |) and amédlyzerbed in the Materials
and Methods. The numbers above the samples indicate the number of subcultures. An arrow points to the band correspofulligngihtheon-deleted
(CTG*CAG)175 The 1 kb ladder was purchased from Gibco BRL.

Methods). The strains containing mutations inuteA or uvrB The opposite behavior was observed if pPRW3247 was grown
or uvrA anduvrB (double mutant) genes as well as the isogeniand subcultured invrB cells E.coli 1885). The stability of the
wild-type E.coli were transformed with pRW3247 (TRS in (CTGsCAG);75insertin this strain was strikingly high and, even
orientation Il) or pPRW3248 (TRS in orientation ). The cells wereafter three recultivations of the cells, 45% of the plasmids
grown overnight and then subcultured into fresh LB medium witikontained the full-length TRS. After the same number of
a dilution factor of 10 After three recultivations of the cells, the recultivations of the wild-type andivrA cells harboring
DNA from each culture was isolated and plasmids were cleavgiRW3247, the stability of the TRS in these strains was very low
with EcaRl andHindlll to release the insert containing the TRS.(9 and 0% of full-length TRS fragment, respectively). The
Restriction digests were analyzed by 7% PAGE (Ejg.The stability of the (CTGCAG)175in theuvrAuvrB double mutant
guantitation of deletions found for pRW3247 and pRW3248 imfter the first recultivation of the cells harboring pRW3247 was
the wild-type,uvrA anduvrB strains is shown in FiguA. comparable to that observed in the wild-type strain (77 and 76%,
A gradual disappearance of the restriction fragment correspondirggpectively) (FiglA) but the amount of the non-deleted TRS
to the fulHength, non-deleted (CPGAG)175was observed as measured after the second growth was higher (48% for the
analyzed for wild-type cells harboring pRW3247 (TRS inuvrAuvrBstrain and 24% for the wild-type). However, after three
orientation Il; Figsl and2, left panel). These data are consistentecultivations of the cells, the amount of the full-length (CTG-
with the previously reported behavior of the same plasmid a€AG);175in both the wild-type and double mutant strains was
investigated in HB101 and DHW5E.coli strains $,17-19).  very low (9 and 6%, respectively) (FItA).
However, if this plasmid was propagated in cells having a To determine whether the UV irradiation of the DNA (during
mutation in theivrAgene E.coli1886), a dramatic increase in the the isolation of the full-length supercoiled DNA) influenced the
instability of the (CTGCAG)175 insert was observed. The genetic instability of the (CT€&CAG);75in plasmids grown in
amount of the full-length non-deleted TRS calculated after thdER proficient and deficient strains, we conducted similar
first recultivation of theuvrA cells harboring pRW3247 was experiments using DNAs that were not exposed to UV (results not
significantly reduced as compared to the amount of non-deletstiown). No substantial differences were observed between these
TRS calculated for the wild-type cells (52 and 76%, respectivelygxperiments and the data presented above.
After the second recultivation of thevwrA mutant harboring NER in E.coli requires both UvrA and UvrB proteins to be
pRW3247, the full-length TRS containing fragment was almodunctional é1). SinceE.coli 1886 (ivrA), E.coli 1885 (vrB) and
completely deleted (1% of non-deleted insert), whereas thecoli AB2421 (vrAuvrB mutants are NER deficierii4), our
pRW3247 isolated from the wild-type cells still contained adata suggest that different mechanisms affect the stability of the
significant amount of the full-length (CPGAG)175 (24% of (CTG*CAG)175in NER proficient and NER deficient cells. As
non-deleted insert) (FIQA). shown in Figurel, the stability of this TRS after the first and
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Figure 2. Instability of @A) transcribed andB) untranscribed (CT8CAG); 75 tracts in plasmids. The plasmids designated were transformed into the wild-type and
NER mutants and the cells were grown for the number of recultivations indicated. Restriction digests were analyzed be&&{bEddFigure 1 and the amount

of non-deleted TRS was calculated) Quantitation of deletions in pRW3247 and pRW3248 (TRS transcribed). Analyses were performed on digested sample:
fractionated through 7% PAGE in TAE (as shown in Fig. 1). Each point on the graph represents an average value fromrtieets égp@uantitation of deletions

in pPRW3269 and pRW3268 (TRS not transcribed). Quantitation was performed on the digested samples, radiolabetéa]difiP and separated by 7% PAGE.

The reproducibility of the measurement of the amount of the full-length{(CAG), 75 was estimated to he&2%. Open symbols, plasmids containing ((BBG);75

cloned in orientation [; filled symbols, plasmids containing (€T&G); 75 cloned in orientation Il; circles, wild-tyfgecoli; diamondsuvrA mutant; trianglesjvrB mutant.

second recultivations was higher in the double mutant (both UvrBffect of transcription on the instability of the
and UvrB proteins not present) as compared to the wild-typ€TG+*CAG)175
strain. However, the difference in the stability of the TRS between . _ o _
e showed previously that active transcription into long

uvrA anduvrB strains, that both are NER deficient, was muchV ¢ )
more pronounced (Figsand2). Thus, it seems that the UvrA (CTG*CAG,) tracts markedly increased the frequency of deletions

protein stabilizes the TRS containing insert whereas the Uvr@f (CTG CAG)y75from plasmids18). Instability occurred when
protein, which is a DNA endonuclease, contributes to thE-coli cells harboring pRW3247 were grown and subcultured
instability of the long (CTECAG) tract. through a number of generations. It is also known that trans-

cription recruits NER to damaged regions of DNA-{7). Thus,
the following experiments were undertaken to evaluate the role
of transcription into the TRS as a factor influencing the stability of
the (CTGCAG);75in NER proficient and deficieri.coli strains.
Similar investigations were conducted on the same DM sequencdwo pairs of plasmids containing the (CTGAG),75 insert
in pPRW3248 which contains the (CYGAG); 7sinsert cloned in - were used: pRW3247 (TRS in orientation Il, transcribed) and
orientation | (Tablel). The NER proficient (wild-type) and pRW3248 (TRS in orientation |, transcribed) that contain the
deficient (vrAoruvrBoruvrAuvrB cells were transformed with (CTG»CAG)175 insert cloned in the polylinker of pUCNotl
pRW3248 and grown for three consecutive subcultures dkat contain intact promoter for LacpRW3268 and pRW3269
described. DNA from each culture was isolated and plasmid®ntain the same insert (cloned in orientation Il and orientation |,
were cleaved withEcARI and Hindlll to release the insert respectively) but not located inside a transcription unit (THble
containing the TRS. Restriction digests were analyzed by 7%he NER proficient (wild-type) and deficieniAoruvrB) cells
PAGE (Fig.1, right panel). The quantitation of deletion productswere transformed with pRW3268 (TRS in orientation Il) or
in pPRW3248 is shown in FiguizA. pRW3269 (TRS in orientation I) and grown for five consecutive
Restriction analyses of pRW3248 propagated in NER proficierstubcultures as described. DNA from each culture was isolated
and deficient strains clearly show that the difference in the stabilignd plasmids were cleaved withdRl andNdd (for pPRW3268)
of the (CTGCAG); 75 between the wild-type and NERtrains is  or with Ecarl and Afllll (for pRW3269) to release the insert
limited to the TRS in orientation Il, since no substantial amourdontaining the TRS. Restriction digests were radiolabeled (see
of deletions were observed in&lkolistrains under investigation Materials and Methods), separated by 6% PAGE and analyzed with
harboring pPRW3248 (TRS in orientation I) (Flgright paneland a Phosphorlmager (data not shown). The amount of full-length,
Fig. 2A). non-deleted (CT&CAG);175 was plotted as a function of the

Effect of orientation of (CTG+CAG)1750n its stability in
NER proficient and deficient cells: orientation |
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Table 2. Transcription- and orientation-dependent instability of I Crigntaton Il | :Dﬂanﬁti-:m T 1
(CTG*CAG);75tract in wild-type and NER mutants et e e

% of (CTGeCAG)y7s at full-length
Transcription + -
Orientation 1l | 1} |
Plasmid pRW3247 | pRW3248 | pRW3268 | pRW3269
L]

Wild type 3 98 78 100

Strain uvrA 0 91 86 100
uvrB 29 98 83 100

Percentage of the full-length (C¥GAG);75 fragment as calculated
after five consecutive recultivations of wild-tyfecoli or theuvrA or

uvrB mutants harboring pPRW3247 or pRW3248 (TRS transcribed) or
pRW3268 or pRW3269 (TRS not transcribed). Restriction digests of
the designated plasmids were labeled wit$#P]dATP and analyzed

by 6 or 7% PAGE. The numbers represent the percentage of non-deleted
(CTG*CAG)1 75 as calculated with a Phosphorlmager. The reproducibility
of these measurements wb. Disdaind DR Undelstad DHE

. o n Figure 3.Model for the involvement of transcription and TRS orientation in the
number of subcultures (FigB). No substantial instability of the instability of the (CTGCAG),. Local positive and negative superhelical
TRS was observed after five recultivations of the wild-type andiomains (indicated by pluses and minuses) caused by transcription (64,65) through
NER- cells harboring pRW3269 (TRS in orientation I). After the Ege (G(;TGCAG]QH fac‘('jt"’f‘te an opening Of(I”}f d(‘jip)'ex TRS. Thelsmgée's"a”ded

: - " TG) region formed for orientation Il (left side) is not complexed by RNA
,Same ,number of gener@tlons, the '_”?tab"'ty of the (m;)175 aoolymerase, as in the case of orientation |, and therefore this region is able to form
Insert in the_ NER proficient and deficient cells harboring pRW326&nhe (CTG) hairpin. Since the DNA polymerase complex may bypass this hairpin
(TRS in orientation 1) was clearly detectable. These data showring lagging-strand synthesis, this would lead to deletions of the«(CAG),
similar orientation-dependent instabilities of the two plasmids agact in orientation Il but not in orientation I (right side).

reported for DH& and HB101E.coli strains §,17-19).

Similar analyses were conducted for the wild-type and NERstapility of the TRS whereas lack of the functional UvrB protein
deficient strains harboring pRW3247 and pRW3248 (TR3ayses substantial stabilization of (GTAG),75in orientation II.
transcribed). Figure’A shows the percentage of full-length  Aggitional experiments were performed to determine whether
(CTG*CAG)y75 calculated from experiments described earlier anghe stability of shorter (CTGCAG) tracts as well as other
presented in Figuré. A comparison of the behavior of pRW3247 rapeated sequences, related to human neurodegenerative disease
and pRW3248 (TRS transcribed) (FR\) and pRW3269 and  gre susceptible to the mutations in NERicoli. To evaluate the
pRW3268 (TRS not transcribed) (F&) clearly shows that NER  gffect of length of the (CTGCAG) tract on its stability in NER
proteins inE.coli affect the stability of the (CT&AG) 75 insert  proficient and deficient strains, the deletion properties of
when the (CTG) strand is the lagging-strand template for replicatiggs AGe CTG)sg in orientation Il were investigated. Wild-type as
but only if the TRS region is transcribed. The effect of orientatioe|| asuvrA or uvrB E.colistrains were transformed with the
of the _(CTGCAG) tract and transcription going th_rough_the_ TR_Sfu||_|ength non-deleted monomer of pRW4011 (Tatjeand
after five recultivations of the strains under investigation igyrown for the indicated number of recultivations. The DNA from
summarized in Tablé. These data clearly show the effect of thegach culture was isolated and plasmids were cleaveEadii
orientation on the stability of the TRS (pRW3268 versus pPRW326@gHindlll to release the TRS containing fragment. Restriction
ar!d the_ influence of active transcription into the (C-:(]:QG_)175|n_ digests were analyzed by 7% PAGE (data not shown). The
orientation Il (pRW3247) in NER proficient and deficiéntoli uantitation of the deletions (described in Materials and Methods)
strains. The ex_plan_atlon for the__mvolvement of transcription as W(-;a{ pRW4011 for the wild-typeyvrA anduvrB E.coli strains is
as NER proteins in the stability of long (CYGAG) tracts in  shown in Tablg. The extent of instability of (CAGSTG)sowas
plasmids is shown in Figur@sand4 and will be discussed below ggsentially the same among all strains investigated. Also, studies

(Discussion). performed on a plasmid containing (GKGAG)sq in orientation
I (PRW4015) (not shown) showed a higher stability of the TRS
Instability of other lengths and types of TRS and no differences between NER proficient and deficient strains

were observed. These data demonstrate that for {CAG)
Thus far, we have shown that the stability of a long transcribedacts, besides the effect of the orientation and transcription into
(CTG*CAQG) tract is influenced by mutations in NER genes inthe TRS, a certain length of the (CIGAG) (>50 units) is
E.coli. The absence of thewrAgene product greatly enhances therequired as an additional factor that triggers NEE.goli.
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Table 3.Instability of other lengths and types of TRS contained on
plasmids grown in wild-typ&.coliand NER mutants

Wild type uvrA UviB

Plasmid TRS No. of subcultures | No. of [ture f Itur

1 2 3 1 2 3 1 2 3

uvrB- uvrA- pRW4011|(CAGCTG)so | 77 70 70 | 74 73 72 | 78 72 78
(uvrA present)

pRW3032|(CCG«CGG)3> | 65 49 35 63 48 38 67 51 42

pRW400B{(CGGsCCG);> | 87 84 84 | 86 82 84 | 88 86 84

pRW3804|(GAATTC)-.0 | 87 83 79 | 87 85 82 | 8 76 71

pRW3803|(TTCsGAA).¢5 | 84 79 75 | 81 77 45° | 84 72 5¢°

[T
r Percentage of the full-length TRS contained on pRW4011 {CRG)s0,
orientation 1, pRW3032 [(CC&CGG)p orientation I}, pRV4006
L [(CGG*CCG)p, orientation 1], pRW3804 [(GAATTC);q, orientation 1]
E and pRW3803 [(TTEGAA)gs, orientation 1] as grown and subcultured in
ﬁgﬁ wild-type E.coli and theuvrA or uvrB mutants. Analyses of the restriction
[Tk 1T

digests of plasmids were performed by 7% PAGE and tbararof the non-
deleted TRS containing inserts was calculated as described in Materials and
#‘ Bypass  Synthesis Methods. The numbers show the percentage of the full-length TRS and are
uvrA average values from three experiments with the standard deviations ranging
from £0.2 t0+9.8% except as indicated otherwise.
aThe average value from six experiments is shown with a standard deviation

QT +75%.
DNA bStandard deviation for this experiment w28%.
l Synthesis
DISCUSSION
TIIOTIT
Undeleted DNA Deleted DNA NER (41) has a substantial impact on the genetic stability of long

(CTG*CAQG) inserts cloned in plasmids Ecoli. NER is the
Figure 4. Model for the involvement of the UvrA protein in the stabilization of malor cellular defense system against a Var'er of D_NA damages
(CTG*CAG);75in viva The lower part of the figure shows events occurring 1N bOth DTOkaWOtes anO_I eukaryotes,62). To investigate the
on the shaded region of the top replicating molecule. The (CTG) hairpin formedpotential influence of this system on the stability of the TiRS
during replication of the lagging strand in orientation Il is recognized by the vivo, we emponetE.coIi NER mutants. In the Wild—type AB1157

UvrA protein (left side). The interaction of the dimeric UvrA (69) with the : : : : .
(CTG) hairpin causes the removal of the DNA secondary structure and thu?tram’ the (CTGCAG) tract cloned in orientation I, relative to

obviates bypass synthesis through the (CTG) hairpin. This leads to substanti#l€ COIEL origin of replication, is more unstable compared to
stabilization of the TRS and gives rise to undeleted DNA. Howevaryfér orientation I, and its genetic instability is strongly dependent on
cells (right side), bypass synthesis through the TRS containing the CTG hairpiactive transcription through the TRS sequence. These results
(no UvrA protein) leads to deletions. confirm previous observations obtained with the HB101 strain,
and agree with our hypothesisg] that this instability is caused
by a collision of the replication apparatus with the transcription
machinery, rather than by host-specific factors.

Similar investigations conducted on the fragile X sequence Figure 3 presents a model that shows how transcription and
(CCGCGQG) cloned in both orientation Il and orientation | inorientation of a (CTECAG) tract may affect its genetic stability.
plasmids pRW3032 and pRW4006, respectively, showed rithe top strand of the duplex TRS on both sides of the figure is the
effect of the genetic background of taeoli strains (Table). transcribed strand, as well as the leading strand template for DNA

The same behavior was observed for pPRW3803 and pRW386¥inthesis. The left side of FiguBrepresents orientation |,
(Table 1) harboring the (GAATTC) Friedreich’s ataxia sequence whereas the right side shows orientation I. Transcription of the
cloned in both orientations. The stability of the (GAAC) (CAG) strand (orientation 1l) leads to deletions, whereas
tracts showed the orientation dependent effect as descfijed (transcription of the (CTG) strand (orientation ) elicits a much
but the mutations invrAanduvrB genes had no influence on the lower frequency of deletions. The model proposes that as the
amount of deletions in these plasmids (Table (CAG) strand is being transcribed, the complementary (CTG)

Thus, our results for the (CGGCG) and (GAATTC)  strand folds back and forms a hairpin. On the other hand, the
sequences cloned in plasmids show that these TRS may be tmm-transcribed (CAG) strand in orientation | is less able to form
short and/or that some different structural properties of (CGGtable hairpins; these differences in thermodynamic stability are
*CCQG) and (GAATTC) (21,58,59) tracts do not induce the NER based on studies conducted on single-stranded oligonucleotides
in E.coli. Other prior investigations have revealed the structurd63). The model further envisages that while the TRS is
uniqueness of (CTE€&CAG) relative to the other TR 1,60). transcribed, it is also replicated. In this case, the (CTG) hairpin in
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orientation Il will be bypassed by the DNA polymerase complexicking activities {1). Such nicked DNA may be degraded
during lagging-strand synthesis, and this will lead to deletiongvo which would also lead to deletions. The greater stability of
(instability). Conversely, in orientation |, fewer deletions will belong (CTG CAG) tracts in theuvrB mutant than observed in
found since fewer secondary structures are formed on the laggingid-type cells, as well as the difference in the stability of the TRS
strand (CAG) template and thus no bypass synthesis occurs.  between wild-type cells and therAuvrB double mutant, also
Therefore, the crucial component of this model is the selectigiggests that the UvrB protein itself may possess some nicking
formation of hairpins on the non-transcribed (CTG) strandactivity toward the CTG hairpin loops.
Transcription is accompanied by an accumulation of positive We propose that the (CTG) hairpins share, at least to some extent,
supercoils in front of the RNA polymerase complex and negativ@Mmilar properties with a variety of the DNA lesions that are
supercoils behind it 64,65). It is also known that negative recognized and repaired by the NER system. The substrate
supercoiling unwinds the helical duplex DNA and promotes strargPecificity of the Uvr(A)BC endonuclease is very widé)( The
separation §6). Measurements of the elastic constants ofmportant factor involved in the recognition of lesions by UvrA is
(CTG*CAG), and (CGGCCG), and calculations of their free @ dls_tornon of the DNA structure. Cruqfqrm DNA anq three—way
energy of supercoiling@,67,68) revealed their flexibility and their Junction structures, that are basically similar to the hairpins formed
writhed structure, compared to random B-DNA. Hence, these TRY the (CTG) tracts, introduce a significant amount of bending into
were proposed to act as a ‘sink’ for the accumulation of superheliddNA (7273). Recently, the triplet repeats were shown to be
density 68,67). In addition to this superhelical tension (free energynerently flexible and writheds,67,68,74). Also, (CTGCAG)
of supercoiling), in orientation Il the (CTG) strand is not complexe acts can form slipped structures70) and under some circum-
by RNA polymerase, as in the case of orientation I, but rather %ances appear as bent/kinked DNA molecuiés @dditionally,

transiently single-stranded. We suggest that this ‘transient sing %vl\jr??grl]aoed?exs ?),r\wlgblceog:):rr?eag?\?z 0(1;I trrferta”géet ;Sgﬁat‘:‘)nvﬁgie
strandedness’ of the (CTG) strand in orientation Il enables R P Poly P 9

: L - sequencem vitro (76,77). It is possible that such pausimgvivo
nucleation of a folded-back (CTG) region into a hairpin. o ) i
The results obtained for thé NEI% d egficiE molistrainspshow that Ccauses the arrest of replication, the induction of the SOS response

) X ; . . nd, as a consequence, de-repression of NER protein synthesis.
the ?‘PSG”CG of certain repar functions dramapcally mfluencgs t ?so, it was shown that repair activity in HeLa extracts was induced
stability of the long transgrlbed (CT.GAG) tracts in plasmlds. This by a triple helix, and the authors suggested that other non-duplex
was manifested by the higher stability of the TRS imtiB mutant DNA structures’might trigger repair systeri§)(

(UvrA protein present) than observed in theA strain. Figuret Our results and the model (Fig) are supported by recent
presents a model for the involvement of the UvrA protein in thg;

N s scoveries demonstrating the involvement of the UvrA protein
stabilization of the long (CT&AG) sequenci vivo. The top part blocking the DNA repair-dependetranslesion synthesis

of the.figure represents a replication for_k for _the TRS region in Gathway operating if.coli (79,80). The binding of the UvrA

plasmid containing the (CHEAG); 7sin orientation Il. The (CTG)  yrotein to DNA containing a UV lesion in a single-stranded DNA

hairpin formed during the lagging-strand synthesis @i shown  prevented the bypass synthesis. In the absence of the UvrA

inside the shaded circle (which is the focus of the remainder of theotein thetranslesion synthesis was not inhibited and this

figure). The left side of Figuré shows how the UvrA protein may process is believed to be responsible for SOS mutagenesis in

contribute to the stabilization of the TRS. This part of the model ig_coli (41). In our case, however, binding of the UvrA protein to

based on the data obtained from the analyses of the @¥&175  the (CTG) hairpin may be sufficient to remove the ‘lesion’. Such

containing plasmid as grown and analyzed inutiB mutant. This  binding destabilizes the (CTG) hairpin, restores a ‘non-mutated’

strain is NER deficient but is able to produce the functional UvrAemplate for replication and therefore prevents deletions.

protein. The model predicts that the UvrA protein specifically Itis unclear why the (CG&CG) and (GAATTC) sequences

recognizes and binds the (CTG) hairpin formed during theloned in plasmids did not respond to the mutations in NER in our

lagging-strand synthesis (Fig, left side). This binding of the system. It is possible that these TRS may be too short and/

dimeric UvrA (69) to the (CTG) hairpin causes the destabilizatioror that some different structural properties of (GGGG) and

of the hairpin. The resulting molecule contains a single-stranded ggpAA«TTC) (21,58,59) do not trigger the repair B.coli. Other

of the size of the previous hairpin. This restores the correct templgigor investigations have revealed the structural uniqueness of

for complementary strand synthesis. The gap is then filled by DNECTGs CAG) relative to the other TR21,60).

polymerase, followed by the ligation at the nicks, and the resulting We conclude that the binding of the UvrA protein to the (CTG)

molecule contains the full-length, non-deleted (€TGG) tract. hairpins formed on the lagging-strand template removes its
On the other hand, in the absence of the UvrA proteind(  secondary structure and prevents deletions. Preferential formation of

E.coli strain) (Fig.4, right side), the (CTG) hairpin will not be hairpins on Okazaki fragments is also believed to result in the

removed from the DNA template. Thus, bypass DNA synthesigxpansion of long (CTECAG) repeats ). Therefore, we

through the TRS may occur, which would cause deletions. TH#@eculate that these hairpins can be removed by human nucleotide

affinity of the UvrA protein to single-stranded DNA/(Q), ~ €Xcision proteins thereby stabilizing long (GGAG) tracts and

specifically to bubbles and loop&s), may be responsible for the thus prevent expansions.

recognition and binding to the (CTG) hairpins in their single-

stranded loop region. Also, the increased instability of

(CTG*CAG) inserts was showm vivo in E.coli having a ACKNOWLEDGEMENTS
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