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ABSTRACT. Mutations arising in microsatellite DNA are associated with neurological diseases and
cancer. To elucidate the molecular basis of microsatellite mutation, we have determined the in vitro
polymerase error frequencies at microsatellite sequences representative of those found in the human
genome: [GT/CA{o, [TC/AG]11, and [TTCC/AAGG). DNA templates contained the microsatellites
inserted in-frame into the Begion of the herpes simplex virus thymidine kinase (HSV-tk) gene. Polymerase

B (polp) error frequencies were quantitated in microsatellite sequences, relative to frame-shift error
frequencies in coding sequences, from the same DNA synthesis reaction. Flegrpolfrequencies within

the dinucleotide sequences were-@ x 103, 14—72-fold higher than the ssDNA template frequencies.

The pop error frequencies within the tetranucleotide sequences wer@)(# 103, a 4-13-fold increase

over background. Strand biases were observed for the [TG/&BH [TTCC/AAGG} alleles, in which

more errors were produced when the purine strand served as a template. Mutations within each microsatellite
included noncanonical base substitution events and single nucleotide deletions as well as the expected
unit length changes. An exponential relationship was observed between the polymerase error frequency
per site and both the number of repetitive units and total length of the allele. Our observations are consistent
with the strand slippage model of microsatellite mutagenesis and demonstrate that DNA sequence and/or
structural differences result in mutational strand biases. To our knowledge, this is the first direct quantitation
of DNA polymerase errors in vitro using template microsatellite sequences.

A substantial body of evidence indicates that microsatellite polymerase proofreadingl8—20) and mismatch repair
sequences can influence DNA metabolism. The observedproteins 21—23) can result in an increased rate of micro-
effects on replication1—4) and recombination5) suggest satellite mutagenesis. However, these observations do not
a genetic role, while influences of microsatellites on gene necessarily indicate that microsatellite mutations arise only
expression@—8) suggest an epigenetic role for this segment during replicative (S-phase) DNA synthesis. Exonuclease-
of the human genome. Over the past decade, alterations improficient polymerases and mismatch repair proteins operate
microsatellite DNA sequences have been shown to be during most long-tract DNA repair and homologous recom-
causally related to the development of several human bination pathways24, 25).
neurological disease$,(10) and to be diagnostic of a mutator  pNA polymerase-mediated frame-shift mutations occur in
phenotype arising in certain tumorkl( 12). Microsatellitt  homopolymeric sequences during DNA synthesis in vitro in
mutations have been proposed to occur by slipped stranda manner consistent with the polymerase slippage maég! (
mispairing within the repetitve DNA sequences3l.  hile a large body of information is available regarding the
Mechanistically, two distinct pathways of slipped strand molecular and structural bases of single base frame-shift
mispairing can explain the production of microsatellite mytagenesis27), much less is known about the molecular
mutations. During recombination, unequal €rossing OVer pasis of microsatellite mutation. That mechanistic differences
between repetitive arrays located on separate DNA moleculesmay exist between frame-shift and microsatellite mutagenesis
may result in mutant products. Alternatively, a DNA g syggested by physical studies of DNA duplexes containing
misalignment within the repeat array may occur transiently pjged nucleotides. Increasing the number of unpaired bases
during DNA synthesis. If used as a substrate by DNA \ithin a DNA bulge loop results in an increasing degree of
polymerases, such misalignments can result in the additionstryctural perturbations within the duple( 29). Moreover,
or deletion of repeat units within the microsatellite. Current tradjtional in vitro polymerase mutation assays utilize protein-
in vivo experimental data favor the latter polymerase slippage coding sequences that do not contain repetitive DNA of the
model ©, 14-16). For example, the rate of [GT/CA] = form found interspersed throughout the human genome as
instability is similar inrad52 recombination-defective and  microsatellites. Importantly, microsatellites vary extensively
wild-type yeast strainsl(7). In contrast, inactivation of DNA . sequence3, 31), and several common microsatellite
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Previous studies in our laboratory have determined micro-
satellite mutation rates in nontumorigenic human lympho-
blastoid cells using an episomal shuttle vector systa& (

34). On the basis of these and other data, we proposed that

the interplay of several biochemical factors, including DNA
misalignment potential and DNA secondary structure, regu-
lates both the rate and specificity of somatic cell microsat-
ellite mutation. The goals of the current study were to
determine directly the degree to which DNA sequence and
structure affect microsatellite mutagenesis and to validate
the DNA polymerase strand slippage model. The microsat-
ellites studied, [GT/CA}, [TC/AG]11, and [TTCC/AAGG},

are present in the human genor3€)( have the potential to
form non-B DNA structures32), and are identical to those
analyzed previously during ex vivo replication in human
cells. The HSV-tk in vitro system developed for these
analyses allowed quantitation of absolute polymerase error
frequencies in the di- and tetranucleotide microsatellite
sequences, relative to error frequencies in protein coding
sequences, from the same DNA synthesis reaction.

DNA polymerases (pol8) was chosen to evaluate the in
vitro accuracy of DNA polymerase synthesis through micro-
satellite sequences for several reasons. Firsfi pohtains
no associated'3-5' exonuclease activity which has been
reported to affect the frequency of both frame-shift and
microsatellite mutations18—20). Second, p@ has been
shown to produce a significant number of misalignment-
mediated errors in coding sequences in VitRY, (36),
allowing a robust number of independent mutants to be
generated.

EXPERIMENTAL PROCEDURES

ReagentsRecombinant DNA polymeragg¢was purified
as a hexahistidine fusion protein froBscherichia colias
previously described3(). Briefly, polg expression was
induced with IPTG, and cell extracts were mixed with Ni-
NTA resin. After washing and protein elution, fractions
containing protein were loaded on a column containing
single-stranded DNAcellulose, and protein was eluted.

Construction of VectorsThe HSV-tk-containing vector
pGTK3 (chloramphenicol sensitive, Cnis a derivative of
the pGem3Zf-) phagemid and has been previously de-
scribed 86). TheEcdRlI site at position 5927 of pGTK3 was
altered to aBanHI site by oligonucleotide site-directed
mutagenesis, creating BanmH| cassette that contains the
HSV-tk coding sequence and promoter region. Repeated
attempts to rescue ssDNA from pGem3Zf( phagemid
clones containing thi8anmHI cassette were unsuccessful.
Therefore, this cassette, along with a 95&8amH| fragment
that contains either a functional (&nor nonfunctional
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Ficure 1: (A) Vectors for production of ssDNA. The base vector
used for all constructs is the pGEM3Zf]. Numbering for all
vectors begins with the uniqugglll site within the HSV-tk gene.
The HSV-tk gene and 3 oncoding sequences (black arrow) driven
by the tetracycline promoter (open bar) were cloned in two
orientations, such that the HSV-tk sense strand is produced from
thef, origin in the SS vectors, while the antisense strand is produced
in the SAS vectors. Two versions of each type of construct were
produced, one of which encodes a functional cat gene (pRS or
pRAS) and one of which encodes a nonfunctional cat gene (pSS
or pSAS). The sites of various restriction enzymes are indicated:
B, BarmHI; C, Sad; E, EcaRl; G, Bglll; M, Mlul; V, EcarV. (B)
Schematic of the in vitro assay. The STR sequences (shown as an
inverted triangle) are located within tihélul to EcarV fragment
(dark gray) of the HSV-tk gene. Templates for DNA synthesis are
produced from ssDNA and oligonucleotides. The products of the
DNA polymerase reactions (light gray arrow) are digested Wilhl
andEcaRV restriction enzymes. The polymerase-synthesized strand
is rescued by hybridization to a gapped duplex molecule and
introduced intcE. coli. Chloramphenicol selects for the heteroduplex
CnR strand containing the polymerase synthesis product. The HSV-
tk mutation frequency is determined by selection using FUdR.

that the HSV-tk sense strand is produced as ssDNA. In
pRASL1, the HSV-tk gene is orientedt® 5, relative to the

f, origin, and the antisense strand is produced as ssDNA.
The pSS1 and pSASL1 vectors are analogous to the pRS1
and pRAS1 vectors, except that the vectors contain a
nonfunctionalcat gene; hence, bacteria containing these

vectors are chloramphenicol sensitive. Construction of plas-

(Cn) chloramphenicol acetyltransferase gene (cat), was Mids containing [GT/CA, [TC/AG]., and [TTCC/AAGG)
cloned into the pGem3zf) phagemid. This strategy Microsatellite sequences has been descril3dd 38). Al
produced clones which varied as to the relative orientations artificial microsatellite sequences are inserted in-frame
of the HSV-tk and cat genes, as well as the functionality of Petween bases 111 and 112 of the HSV-tk gene, in the
the cat gene (Figure 1A). The pRS1 and pRAS1 vectors Séquence context [GT (insert) TCTC]. To construct DNA
contain a functional cat gene and confer chloramphenicol €mplates for use in the in vitro synthesis reactions, we
resistance to plasmid-bearing bacteria. The HSV-tk gene isSubcloned th&glll to Bs$ll fragment of the HSV-tk gene

orientated 5to 3, relative to thef; origin, in pRS1, such

1 Abbreviations: Cm, chloramphenicol; FUdR, 5-fluoreezoxy-
uridine; GD, gapped duplex; HSV-tk, herpes simplex virus type 1
thymidine kinase; pdl, DNA polymerasegs; STR, short tandem repeat.

from these vectors into the pSS1 and pSASL1 vectors, creating
vectors pSS/pSAS 2, 4, and 5.1 (see Table 1 for microsatellite
sequence present in each vector). The DNA sequence of each
HSV-tk gene was confirmed by DNA sequence analysis, and
the HSV-tk phenotype of each construct was confirmed by
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Table 1: Observed Polymerageand Background HSV-tk Mutation tion digestion and hybridized to the corresponding GD as
Frequencies described36), thus forming heteroduplex plasmid molecules

(see Figure 1B). An aliquot30 ng) of the hybridization
was removed for mutational analysis. For all polymerase
reactions reported, successful hybridization to GD was
achieved, as determined by agarose gel electrophoresis.
To select for HSV-tk mutations, the aliguoted DNA from

HSV-tk mutation frequencyk 10*

vector/ gapped polp
microsatellite ssDNA dsDNA heteroduplek  synthesis

sense constructs

Egg%ﬁ[‘é’?i 12{62 22'59 7_%'5 (*-3) 55;"548:2 Eg the final hybridization was used to transforecA13, upp,
pSS4/[TCly 1.6 2.2 9.4 78t 2.5 (4) tdk E. colistrain FT334 by electroporation and plated on
pSS5.1/[TTCCE 10 18 21 150+ 12 (4) VBA selective media as previously describ&8)( To select
a”gssep'\]ssiﬁgﬁztmas 17 9o 32(18) 982 for HSV-tk mutant plasmids, the bacteria are plated in the
pSAS2/[CALo 053 47 30 120 (2) presence of 4@M 5-fluoro-2-deoxyuridine (FUdR). FUdR
pSAS4/[AGH1 15 5.9 31 206k 10 (3) is cytotoxic upon conversion by the plasmid-encoded HSV
PSAS5.1/[AAGG) 5.1 42 55 140 (2) thymidine kinase enzyme to the nucleotide 5-fluote-2
aMean of two or three independent determinatidhGD electro- deoxyuridylate, an irreversible inhibitor of thymidylate

porated into FT334. Number in parentheses is the frequency of synthetase. Thus, FT334 bacteria bearing wild-type HSV-tk
mutations occurring within the HSV-tk duplex region of the molecule, plasmids catalyze the production of the inhibitor species
as determined by DNA sequence analyses of-4A independent 5| 7.d idvlat It in thvmine-I d th,
mutants.® Mean mutation frequency: standard deviation (number of -fluoro-2-aeoxyuridylate, resuiting in thymine-iess aeatr

independent determinations in parentheses). of the cells during growth in minimal medium. Because strain
FT334 is resistant to the toxic effects of FUdR, bacteria
bearing HSV-tk-deficient plasmids survive the FUdR selec-
tion. The presence of 52g/mL chloramphenicol selects

progeny of the polymerase-synthesized DNA strand, as the

growth of plasmid-bearing bacteria on selective media (see
below). Single-stranded DNA was prepared for each con-

struct by R408 helper phage infection of a plasmid-bearing, inner strand of the GD is made from Cwectors. Therefore,

FE. C_OI' strain DH#IQ. ) ) the HSV-tk mutant frequency is defined as the number of
In Vitro Polymerase ReactionBNA synthesis templates  FygR-resistant- CrR colonies divided by the total number
were created by hybridization of ohgonucleopdes TK-282 R colonies. The background mutation frequency for each
or TK-MIUR to pSS or pSAS ssDNAs, respectively, ata 1:1 sspNA and pSS or pSAS duplex DNA was determined by
molar ratio. Priming of .t.hese oligonucleotides initiates electroporation of FT334, followed by selective plating on

synthesis at HSV-tk positions 282 (pSS vectors) and 90 edia containing 25Qug/mL carbenicillin in place of
(PSAS vectors). The in vitro reactions contained 2 pmol of chloramphenicol, with or without FUdR.

template DNA at 40 nM concentration. Reaction conditions Independent mutants for DNA sequence analyses were
for pol were 50 mM Tris-HCI (pH 8.5), 50 mM NaCl, 10 jsolated as describe@§) from one polymerase reaction per
mM MgCl,, 1 mM dithiothreitol, 1 mM dNTPs, 208g/mL  template. The DNA sequence of the HSV-tk gene in the
BSA, and 10 pmol of enzyme/pmol of template DNA. All - \jy|—EcaRV region of each mutant was determined by
reactions were incubated at 3¢ for 60 min and terminated dideoxy DNA sequence analysis. Differences in proportions

with 15 mM EDTA. The extent of DNA synthesis was o gpecific types of mutations were analyzed statistically
determined by parallel reactions (0.2 pmol of DNA, same using Fisher's exact test (two tailed).

molar ratios of enzyme to substrate as above) supplemented
with 5 uCi of [a-*?P]dCTP (3000 Ci/mmol). The DNA RESULTS

products of these reactions were analyzed on an 8% The ahundance of microsatellites of varying sequence and
denaturing polyacrylamide gel to ensure that DNA synthesis eir apility to form distinct DNA structures prompted us to
had proceeded past the mutational target. analyze DNA polymerase errors within various di- and
Mutational Analysis of in Vitro DNA Reaction Products. tetranucleotide microsatellites. To elucidate the protein
Linear DNA fragments and ssDNA were prepared as DNA interactions relevant for microsatellite mutation, we
described §6) and used to construct gapped duplex (GD) have developed an in vitro DNA polymerase microsatellite
molecules. Hybridization of a linear DNA fragment from  mutation assay for the quantitative analysis of error frequency
PRS1 to ssDNA from pSS1, pSS2, etc. at a 1:1 molar ratio and specificity.
created a single-stranded region complementary to the small Design of the DNA Polymerase Microsatellite Mutation
fragment purified from the sense strand polymerase reactionsassayIn our experimental system, all mutations are analyzed
(Figure 1B). Analogous GD constructs were prepared to ysing DNA vectors that encode an HSV-tk gene containing
rescue the small fragment from antisense polymerase reacan artificial, in-frame microsatellite sequence (STR, short
tions, using linear DNA prepared from pRAS1 and ssDNA tandem repeat). The design of the in vitro STR mutagenesis
from pSAS1, pSAS2, etc. The GD was separated from other gssay (Figure 1B) follows that previously described to
DNA forms by preparative agarose gel electrophoresis andanalyze damage-induced DNA polymerase errdss).(
purified using silica, according to the manufacturer’s instruc- Forward mutations that inactivate the HSV-tk protein are
tions. The background mutation frequencies for each GD scored after transfection & coliand plating in the presence

preparation were determined by electroporatiorEofcoli  or absence of 5-fluoro*aieoxyuridine (FUdR). Mutations
with 10 ng of GD, followed by selective plating and DNA  which add or delete any number of repeat units within the
sequence analyses, as described below. STR that are not a multiple of three will result in a frame-

To sample the polymerase reaction products for mutations, shift mutation. Therefore, mutations occurring in either the
small fragments were prepared bifjul and EcaRV restric- repetitive or the HSV-tk coding sequence motif will produce
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an inactive thymidine kinase protein that is detectable by T pc > Polymeras@ Error Frequencies in Coding and
the same selection scheme. Microsatellite Sequences

Two sources of background mutation are present in the
design of the in vitro STR assay (Figure 1B). To control for

polymerase EFx 10 (no. obsd)

preexisting mutations present within the DNA synthesis allele microsatellite coding
template, we determined the HSV-tk mutation frequency for ~ none (sense) 46 (34)
each ssDNA. The mean HSV-tk mutation frequency observed [$g]]i’ %g 823 fé EiB
for the control and microsatellite-containing ssDNA tem-  [TTCC], 42 (22) 110 (56)
plates ranges from 0.58 10 *to 10 x 104, values similar none (antisense) 84 (32)
to or lower than those observed for the corresponding dsDNA ~ [CAl1o 38 (8) 82 (17)
forms (Table 1). The differences may result from the different Eﬁfgé]g gg 8?; 1%2 ((g’f;

biochemical modes of DNA replication for the two forms:
rolling circle replication (ssDNA) and origin-dependent,
unidirectional replication (dsDNA). We assume that all
mutations within the ssDNA occur within the artificial
microsatellite allele, similar to what has been observed for deletions (Table 4). The noncanonical STR mutations were
the dsDNA forms 88). We also controlled for inactivating ~More prevalent within the sense vectors and primarily
HSV-tk mutations present within the duplex portion of the involved template thymine residues.
GD molecule that is used to rescue the polymerase- A pronounced strand bias was observed for the [TC/AG]
synthesized DNA fragment. The observed mutation fre- allele. The frequency of pglerrors produced using the
quency for unhybridized GD DNA is substantially greater [AG]i-containing template was 4-fold greater than that
than either the ssDNA or dsDNA forms (Table 1). This observed for the [TG] template (Table 3), a difference that
increase is likely due to both inaccurate gap-filing DNA is not observed in the starting ssDNA templates (Table 1).
synthesis inE. coli after transfection and DNA damage Smaller biases were also observed for the [GT/sAhd
produced during the biochemical manipulations necessary[TTCC/AAGG];, allelic pairs in which the polymerase error
to form the GD. DNA sequence analyses revealed that 24%frequency was higher for the adenine-containing template
and 34% of the mutations arising after transfection of the strand (Table 3).
pSS1 and pSAS1 GD molecules, respectively, were due to Strand biases in mutational specificity also were observed
deletion of the entireMlul—EcoRV target region. The  for the [TC/AGL. and [TTCC/AAGG]} alleles (Table 3).
number of mutations arising within the duplex region of the When the [TC]: sequence was the template for DNA
GD molecule (outside of the mutational target) was used to synthesis, 40% of the unit length errors were expansion
determine the GD background mutation frequency, which mutations; in contrast, when the [AG]sequence was the
was calculated to be (1-31.8) x 10 for each type of template for synthesis, only 3% of the unit length errors were
construct (Table 1). expansions, a significant difference € 0.0013; Fisher’s
We observed complete DNA synthesis by pahrough exact test, two sided). For the [TC/AG]and [TTCC/
the mutational target region for all eight templates under our AAGG], alleles, the absolute frequency of microsatellite
standard reaction conditions (data not shown). The observeddeletion mutations was 6- and 3-fold higher, respectively,
mean HSV-tk mutation frequency for all ghieactions was  when the purine strand served as the template for DNA
elevated 15-fold to greater than 100-fold, relative to the synthesis, relative to the pyrimidine strand.
corresponding template ssSDNA mutation frequency (Table Pols-Mediated Misalignment Errors in Coding Sequences.
1). For each template, the polymerase error frequency wasAn extensive literature exists describing DNA polymerase
calculated by subtracting both the ssDNA and GD back- frame-shift fidelity in homopolymeric sequences (reviewed

aPolymerase error frequency proportion of mutants [MF
observed— ssDNA MF — gap duplex MF] (see Table 1).

ground mutation frequencies from the observeBpe8V- in ref 27). In our experimental design, the HSV-tk coding
tk mutation frequencies. region serves as an internal control for the microsatellite
Pols-Mediated Errors in Microsatellite SequenceBo region, as inactivating mutations in both motifs are quanti-

determine the polymerase error frequency within each targettated using the same selection scheme. Thus, we analyzed
region, a mutational spectrum was generated fof psing the coding region frame-shift mutations for comparative
each of the eight templates. For all six STR-containing analyses. The mean polymerase error frequency in the HSV-
templates, 50% or less of the mutants produced during pol tk coding regions among vectors is (37 36) x 104 for
DNA synthesis arose within the microsatellite sequence. Thethe sense strand and (85 19) x 10 for the antisense
polymerase error frequency of the six microsatellite se- strand (Table 2), 92-fold and 50-fold greater than the pSS1
quences examined ranged from 290 4to 90 x 10 % and and pSAS1 ssDNA template frequencies, respectively. The
differed by less than 3-fold from the coding region error coding region mutation frequency for five STR-containing
frequencies (Table 2). templates varied less than 2-fold from the no STR (HSV-tk
The pop error frequencies within the dinucleotide STR gene only) control template. The one exception occurred for
sequences (Table 2) were -142-fold greater than the the [TTCC}template, in which the coding region frequency
corresponding ssDNA template mutation frequencies (Table was 2.4-fold higher than the control (Table 2). However, an
1), whereas only a-413-fold increase over ssDNA back- in-depth comparison of the types of coding region mutations
ground was observed at the tetranucleotide STR sequencegroduced on the [TTCGJtemplate versus the other three
Mutations within each microsatellite included the expected sense templates failed to uncover any significant differences
gain or loss of one or two repeat units (Table 3), as well as in mutational specificity. Furthermore, as no significant
noncanonical base substitution events and single nucleotidedifferences in the proportion of base substitution versus
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Table 3: Polymerasg Error Specificity and Error Frequency in Microsatellite Sequences

no. of independent errgrs

sense template antisense template
type of mutation [GTﬂo [TC] 11 [TTCC]g [CA] 10 [AG] 11 [AAGG] 9
expansion 2(0.20) 8 (0.40) 6 (0.43) 4 (0.50) 1(0.03) 10(0.32)
1 unit 2 8 4 4 0 8
2 units 0 0 2 0 1 2
deletion 8(0.80) 12 (0.60) 8(0.57) 4 (0.50) 30 (0.97) 21 (0.68)
1 unit 7 11 8 2 23 21
2 units 1 1 0 2 7 0
pol EP 12x 10 21x 104 27 x 104 38x 10 87 x 1074 65x 104

a2 Number in parentheses is the proportion of the specific error type among all canonical microsatellite’ Bobyisierase error frequency for
canonical microsatellite errors.

Table 4: Noncanonical Microsatellite Mutations Produced by Table 5: Polymerasg Misalignment-Mediated Mutation Specificity
Polymerases in the HSV-tk Coding Sequence
wild-type mutant allele mutational type of no. pol EF x
allele (no. of independent events) event mutation sequence motif obsad 104
gc [GThotc gc [GTET [GT]atc (1) AGsTre dislocation T— G at244 27 19
gc[GTh G tc (2) ATsrrio frame shift§ expansion 13 3.3
= . (2—4 units) deletion 109 28
9c [gT]“H [GT2]4tc (1) igr G _)T frame shifts purine (AA, GG) 3(2) 0.77
9c[CTTT tc (2) T.Go—T 2 ntsequence pyrimidine (TT,CC) 36 (16) 9.2
gcgt[TChiga gegt C[TCloga (2) ATstr1 3 ntsequence purine (AAA, GGG) 3(3) 0.77
gegt T [TChoga (1) ACstr1 pyrimidine (TTT, CCC) 31 (6) 8.0
gcgt TC C[TChga (1) ATstr2 4 nt sequence pyri_ng (AAAA, GGGG) 17 (3) 4.4
gegt [TCE C [TCly ga (1) ATstra pyrimidine (TTTT, CCCC) 21 (4) 54
gc[TCluiga (1) Agtiio-111 2Number in parentheses indicates number of shédutations
gcg C[TClioga (1) AT113, ATstR1 involving one or two bases within 2 nt, 3 nt, or 4 nt homopolymeric
gcgtgc[TCli2 ga (1) +9¢i13, +TC unit sequences.One- or two-base deletion or expansion mutations within
gt[TTCCltc gt TCC [TTCC}tc (6) ATstra the designated sequence.

gt[TTCCL TCC[TTCCktc (1) ATsrrs
gt[TTCCJs TCC [TTCChtc (1) ATstrr
cgca[AGlict cgca[AG) GG [AG]s ct (1) AAG, As— G

Testing the Strand Slippage Model for Microsatellite
MutagenesisPreviously, a detailed examination of poly-
merase error rate as a function of the length of a homopoly-

2 One-base deletion. meric sequence demonstrated that the error rate increases as

the length of the repeat increase®)( These results were
frame-shift mutations arising within the coding sequences interpreted as being consistent with the strand slippage, DNA
were observed among any of the vectors, the mutationsmisalignment model for frame-shift mutagenesis. To deter-
within the coding regions are presented as combined spectramine whether polymerase errors produced within microsat-
(Figure 2). ellites of the sequence and length found in the human genome

The majority of pgb frame-shift mutations occurred within  are produced by a similar mechanism, we analyzefl eabr
repetitive sequence motifs (Figure 2), consistent with previ- frequency as a function of the number of units within
ous observations36, 39). To determine the pgl error repetitive sequences. For this analysis, the polymerase error
frequencies within the endogenous HSV-tk repetitive se- frequency per site was calculated for each type of repetitive
guences, the data for both the sense and antisense HSV-tknotif present in the coding and microsatellite regions. As
mutational spectra were combined so as to minimize the noted above, a strong mutational bias for template pyrimidine
contribution of mutational hotspots. Within the HSV-tk gene, over template purine sequences is present for mononucleotide
an overall 8:1 bias in favor of frame-shift deletion events repeats of two or three units in length. Interestingly, this
over addition errors is observed within mononucleotide repeatrelationship is reversed for both the [TC/AGand [TTCC/
sequences two to four units in length (Table 5), consistent AAGG]y microsatellite pairs (Figure 3); the gblerror
with previous observations at the lacZ targ&®)( A strong frequency was 24-fold greater for the template purine
bias in favor of frame-shift mutations within pyrimidine microsatellites, relative to the template pyrimidine micro-
sequences over purine sequences is also apparent within shogatellites. An exponential relationship was observed when
(two or three) mononucleotide repeats, but this bias is the error frequencies per site were plotted as a function of
eliminated as the length of the repeat increased to fourthe number of units comprising the motif (Figure 3A). The
nucleotides. A base substitution mutational hotspot{TG relationship was strongest between the mononucleotide (2,
at 244) is present within the antisense template sequence3, and 4 units) and dinucleotide (10 and 11 units) repetitive
(Figure 2) with an estimated polymerase error frequency of motifs ( = 0.98). This relationship is consistent with a
1.9 x 1073 These errors can be explained by a misalignment- previous report for homopolymeric sequences in which over
mediated dislocation mode2®), in which slippage of the  a 400-fold increase in the exonuclease-proficient T7 DNA
template strand occurs within the TTTT sequence at positionspolymerase deletion error rate was measured between a (T)
241-244. Consistent with this model, several one-base and a (T) template sequence4@. An analysis of the
deletion errors also were observed within the TTTT motif. polymerase error frequency per site as a function of the total
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Ficure 2: Mutational spectra for p@lerrors within the HSV-tk coding region. (A) Mutations produced when the sense strand is the DNA
template. DNA synthesis is initiated at position 282 and proceeds right to left through the indicated sequence. (B) Mutations produced
when the antisense strand is the DNA template. DNA synthesis is initiated at position 90 and proceeds left to right through the indicated
sequence. The middle line of each sequence is the wild-type HSV-tk sequence. Base substitution mutations are indicated above the sequence,
and misalignment-mediated errors are indicated below the sequence. Base substitutions at position 244 that are postulated to occur by a
dislocation mechanism are depicted below the line, as these are initiated by a DNA misaligzhdfach symbol represents one independent

mutant: A, one-base deletiorp, two-base deletiona, one-base addition. Microsatellite sequences were inserted between nucleotides

111 and 112.

BEEBe o>

length of the repetitive sequence also revealed an exponentiahave been proposed to occur by slipped strand mispairing
relationship between the mononucleotide and dinucleotide within the repetitive DNA sequence&3). Consistent with
repeats, up to 22 nucleotides in length (Figure 88;0.97). this model, analysis of pgtinduced frame-shift and micro-
Both tetranucleotide motifs (allele length 36) were outliers satellite mutations revealed an exponential relationship be-
to this relationship; in this analysis, the observed polymerase tween the polymerase error frequency per site and the number
error frequency was approximately 20-fold lower than of units within the repeated sequences (Figure 3). These in
predicted by the exponential. This low polymerase error vitro results are comparable to previous in vivo studies of
frequency for tetranucleotide alleles is consistent with the spontaneous frame-shift mutation frequency and number of
observed low magnitude of increase in HSV-tk mutation units in E. coli (41) and of allele length versus [GT/CA]
frequency, relative to the ssDNA background, for these microsatellite mutagenesis in mismatch repair-defictgsu-
templates (Tables 1 and 2). charomyces cetégsiae (42).

The determinants of DNA polymerase frame-shift fidelity

DISCUSSION have been discussed in a recent revi@g).(As applied to

To elucidate the molecular basis of microsatellite mutation, DNA polymerases, the DNA strand slippage model predicts
we have determined the in vitro error frequencies for DNA that the error frequency will increase as a function of the
polymerases at sequences representative of those found in number of repeat units due to stabilization of the premuta-
the human genome: [GT/C#A] [TC/AG]11, and [TTCC/ tional intermediates by surrounding correct base pairs. A
AAGG],. Templates for DNA synthesis were constructed corollary hypothesis7) is that increasing the length of the
containing the microsatellites inserted in-frame into the 5 repetitive allele increases the physical distance between the
region of the HSV-tk mutational target. Our assay directly bulged nucleotides and th€-@H of the nascent strand,
compared the frequency and specificity of errors occurring thereby increasing the efficiency of continued DNA synthesis
within the microsatellite sequences to frame-shift errors from the premutational intermediate. Thus, polymerase error
occurring within the HSV-tk coding sequence. Thefetror frequencies for misalignment mutations are a product of the
frequencies within the microsatellites examined ranged from probability of forming premutational intermediates and the
2 x 10°to 9 x 1072 (Table 2). Alterations in microsatellites  efficiency of utilizing these intermediates as substrates (see
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(43). During our analyses of pBlerrors, we measured a high

Fioure 3: Mathematical relationships betweenjpelror frequency frequency of deletion mutations within purine microsatellites
and composition of the repetitive sequence. (A) Number of (AGy; and ,AAGGQ)' These deletions may arise, in part', by
repetitive units. (B) Total length of repetitive allele. Key: filed @ mechanism analogous to that proposed to explain the
circles, error frequencies for template purine sequences (9snits  production of deletion mutations in quasi-palindromic se-
[AAGG], 11 units = [AG]); filled squares, error frequencies for  quences44). Microsatellite purines in ssSDNA templates may

template pyrimidine sequences (9 unts[TTCC], 11 units= form internal loop structures similar to internal structural

[TC]). Filled square for 10 units is the observed [GT] frequency; . . - . e
filled circle for 10 units is the observed [CA] frequency. Solid line  MOifs seen in RNA, in which loops are stabilized by cross-

(X) is data for the combined error frequency of both strands at Strand purine-purine stacking interactions and non-Watson
indicated unit length or allele length, fitted to an exponential curve. Crick base pairing45). Such internal loops may be formed

within the ssDNA 5to the DNA polymerase, such that DNA

Figure 4). As expected for the strand slippage model, we synthesis proceeds across the base of the loop, resulting in
measured an exponential relationship between polymerasejeletion errors (Figure 4). A minimum of four purines may
error frequency and number of repetitive units which held be required for this mechanism, as we did not observe a high
for di- and tetranucleotide microsatellites as well as homo- frequency of deletions within homopolymeric purine se-
polymeric coding sequences (Figure 3A). Because severalquences two or three nucleotides in length (Table 5).
pol3 binding events were required to complete DNA  The physical structure of misaligned, premutational in-
synthesis through the microsatellites and because misaligntermediates is a second factor that may lead to mutational
ments may be initiated during the polymerase association/pjases (Figure 4). Solution studies of DNA duplexes contain-
dissociation phases of DNA synthesi), an examination  ing bulged nucleotides have revealed that single purine bulges
of other DNA polymerases is warranted before the generality adopt intrahelical positions with minimal disruption of
of this finding can be established. We have observed a similarflanking Watsor-Crick base pairing, whereas single pyri-
exponential relationship between errors produced by DNA midine bulges adopt extrahelical structures when flanked by
polymerasen-primase within the HSV-tk homopolymeric  pyrimidines (reviewed in refi6). Bulges of two or three
sequences and polypyrimidine/polypurine microsatelfites. adenines retain this intrahelical structure, and displacement

Examination of polymerase errors in homopolymeric of bases opposite the bulge results in DNA bendip§).(
sequences has demonstrated that factors in addition to lengtiwe have observed that the frequency of faleletion
of the repeated sequence affect frame-shift fidel2fg) (Our mutations within the [TC/AG] microsatellite is 6-fold
data for poB suggest that additional factors also contribute greater when the purine strand served as the template for
to polymerase microsatellite errors. For example, the preciseDNA synthesis (8.4x 1073), relative to the pyrimidine
sequence of the microsatellite will determine the potential template strand (1.8 1073). This bias may reflect the more
to form premutational intermediates other than strand mis- efficient utilization by pgB of intrahelical purine bulges than
alignments during DNA synthesis. A precedent for this in extrahelical pyrimidine bulges (Figure 4). This model predicts
the literature exists for certain trinucleotide microsatellite that a difference in expansion mutation frequency should be
alleles that can adopt hairpin loop and tetraplex structuresobserved when the purine strand is the nascent strand (e.g.,
the pyrimidine strand is the template). Consistent with this
2S. E. Hile and K. A. Eckert, manuscript in preparation. model, the frequency of expansion mutations produced using

Allele length, nucleotides
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the [TC}; template (8.4x 104, AG as the nascent strand) error frequencies for di- and tetranucleotide microsatellite
was 3-fold higher than that using the [Azlemplate (2.6 sequences are consistent with the misalignment model,
x 1074, TC as the nascent strand). Interestingly, this bias assuming an exponential relationship between polymerase
appears to be specific for microsatellite sequences, as thesrror frequency and number of repetitive units. In addition,
polp error frequency for either deletion or expansion muta- DNA structural differences are postulated to give rise to the

tions did not vary between template purine (Al [Gla)
and template pyrimidine ([k] or [C]s) homopolymeric
sequences within the coding region. We note that these two

observed strand biases for polymerase microsatellite muta-
tions.

structural factors, formation of premutational intermediates ACKNOWLEDGMENT
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