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ABSTRACT

During microsatellite polymerase chain reaction
(PCR), insertion±deletion mutations produce stutter
products differing from the original template by
multiples of the repeat unit length. We analyzed the
PCR slippage products of (CA)n and (A)n tracts
cloned in a pUC18 vector. Repeat numbers varied
from two to 14 (CA)n and four to 12 (A)n. Data was
generated on approximately 10 single molecules for
each clone type using two rounds of nested PCR.
The size and peak areas of the products were
obtained by capillary electrophoresis. A quasi-
likelihood approach to the analysis of the data
estimated the mutation rate/repeat/PCR cycle. The
rate for (CA)n tracts was 3.6 3 10±3 with contractions
14 times greater than expansions. For (A)n tracts the
rate was 1.5 3 10±2 and contractions outnumbered
expansions by 5-fold. The threshold for detecting
`stutter' products was computed to be four
repeats for (CA)n and eight repeats for (A)n or ~8 bp
in both cases. A comparison was made between
the computationally and experimentally derived
threshold values. The threshold and expansion to
contraction ratios are explained on the basis of the
active site structure of Taq DNA polymerase and
models of the energetics of slippage events,
respectively.

INTRODUCTION

Microsatellite DNA sequences are short, tandem repeating
DNA sequences comprised of 1±6 bp per repeating unit.
Microsatellites are interspersed throughout eukaryotic gen-
omes and are highly polymorphic in populations (1±7)
due to their propensity for insertion±deletion (in±del)
mutation (8) of multiples of the repeating unit during
replication. Their polymorphic nature has made micro-
satellites useful for genetic mapping, studying genomic
instability in cancer, population genetics, forensics and
conservation biology. A number of factors that might

contribute to repeat tract instability during DNA replication
have been proposed (9).

Variation in the number of repeat units at a genetic locus is
detected by amplifying the alleles by the polymerase chain
reaction (PCR) using unique primers ¯anking the repeating
sequence and resolving the PCR products by denaturing
electrophoresis (3±6). Instead of detecting a single band
representing the size of an allele, `stutter' or `shadow' bands
that arise during PCR are found as well. A number of different
explanations for `stutter' bands and ways to limit their
production during PCR have been proposed (10±17). Direct
sequencing of PCR products has shown that the primary cause
of `stutter' bands under normal PCR conditions is a change in
the number of repeating units due to slipped strand extension
by Taq DNA polymerase. By slippage we mean the extension
of a primer±template complex containing a loop in either the
primer or template strand by a DNA polymerase. Slippage
might occur either in the active site of the enzyme or before
the substrate binds to the enzyme (9).

We measured the microsatellite in±del mutation frequency
using the results of single-molecule PCR. A mathematical
model for the microsatellite mutation mechanism during PCR
was developed and a quasi-likelihood approach was devised to
calculate, per PCR cycle, the mutation rate/template and
mutation rate/repeat for both (A)n and (CA)n repeats. The
threshold-repeat number for in±del formation was also
calculated and was correlated with the number of bases that
make contact with the Taq polymerase.

MATERIALS AND METHODS

Cloning of poly(CA)- and poly(A)-containing inserts

A primer {5¢-TGAGGGAAGCTTCTG (CA)n [or(A)n]
GCTAGTACTGCAGG-3¢} and overlapping primer (5¢-CCA-
CAGGAATTCCTGCAGTACTAGC-3¢) were obtained from
Operon Technologies Inc., CA. The underlined nucleotides are
complementary to one another. (CA)n inserts ranged in size up
to 14 repeats and (A)n inserts up to 12 repeats. A control
plasmid with the same insert lacking a microsatellite sequence
was also constructed.

Single-stranded templates were converted into double-
stranded inserts by 20 ml of primer extension reactions
containing 5 pmol each of template and primer, 7.8 U of
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T7 Sequenase enzyme (USB), 13 T7 Sequenase buffer, 0.2
mg/ml BSA and 200 mM each dNTP. The reaction was carried
out at 37°C for 60 min after which the enzyme was inactivated
at 65°C for 30 min. EcoRI and HindIII sites were engineered
into the primer extension product for ease of directional
cloning into the vector pUC18, such that all the clones had
identical orientation of the inserts. This also had the advantage
of replacing the palindrome-rich poly-cloning site of the
vector.

Two microliters of the primer extension reaction and 17 ng
of vector pUC18 (Invitrogen Top 10Ô Cloning Kit) were
then added to a 20 ml restriction digestion reaction contain-
ing 13 Promega MULTI-COREÔ buffer, 6 U of EcoRI,
5 U of HindIII, 5 U of BamHI restriction enzymes (the
BamHI is added to digest the liberated cloning site) and
0.1 mg/ml BSA. The reaction was incubated at 37°C for
60 min and the restriction enzymes were inactivated for 30 min
at 80°C.

Ten microliters of the digested sample was added to a 15 ml
ligation reaction containing 13 T4 ligase buffer (Promega)
and 3 U of T4 DNA ligase. The reaction was held at 15°C
overnight after which 3 ml was used to transform competent
Escherichia coli cells (Invitrogen Top 10Ô Cloning Kit)
according to the manufacturer's protocol.

The transformants were plated on LB-agar plates
containing 100 mg/ml ampicillin and 30 mg/ml X-Gal. The
plates were incubated at 37°C for 12±16 h and white colonies
were picked and grown overnight in liquid LB containing
ampicillin. The inserts from individual plasmid clones were
sequenced.

PCR

For single-molecule PCR, the plasmid clones were serially
diluted to an average of approximately 0.5 molecules per
microliter. Only 9% of the samples with a PCR product would
have been expected to contain more than one initial starting
template. One microliter of DNA dilution was ampli®ed using
two rounds of nested PCR. Fifty microliter PCRs consisted of
13 PCR buffer (10 mM Tris±HCl pH 8.3, 50 mM KCl, 0.01
mg/ml gelatin), 2.5 mM MgCl2, 100 mM each dNTP and 4
pmol each of forward primer (5¢-CGGCATCAGAGCA-
GATTGTA-3¢) and reverse primer (5¢-GCGTTGGCCGA-
TTCATTAA-3¢). The primers are complementary to pUC18
sequences. The 5¢ end of one primer is 31 bp away from the
beginning of the HindIII site of the insert, while the 5¢ end of
the other is 70 bp away from the end of the EcoRI site of the
insert. First-round PCR conditions were 95°C for 3 min,
followed by 10 cycles of 95°C for 30 s and 63°C for 3 min, and
20 cycles of 95°C for 30 s and 63°C for 2 min. Final extension
was at 72°C for 5 min. One microliter of the ®rst-round
product was further ampli®ed in the second round using 8
pmol each of forward primer (5¢-GTCACGACGTTGT-
AAAACGA-3¢) and reverse primer (5¢-GGCTCGTATG-
TTGTGTGGAA-3¢). The reverse primer used in the second
round was labeled at its 5¢ end with the Beckman CEQ
WellRED Dye D4 (blue). The second-round ampli®cation
conditions were 95°C for 3 min, followed by 30 cycles of 95°C
for 30 s, 62°C for 30 s and 72°C for 30 s. The usual ®nal
extension step at 72°C for 5±10 min was omitted in order to
minimize non-templated nucleotide addition by Taq poly-
merase. Ampli®cation of the control plasmid gave rise to a

132 bp PCR product. The size of PCR products from
plasmids with microsatellite markers was equal to 132 bp +
the number of (A)n repeats or, in the case of (CA)n tracts,
132 bp + two times the number of repeats. The PCR products
were resolved on a Beckman CEQ2000 denaturing micro-
capillary electrophoresis system. Molecular sizes (in nucleo-
tides) and peak areas of all bands were collected for each of
the clones. Clones without any repeat units in the insert were
used as controls.

In a second set of experiments, a single round of PCR was
performed starting with 100 or 1000 molecules of each clone
for 40, 50 and 60 cycles using the second-round PCR
conditions described above.

Kinetic PCR

Kinetic PCR (kt-PCR) (18) was used to calculate PCR
ef®ciency (Perkin-Elmer 5700) in the second round using 1 ml
of ®rst-round product (initiated with a single target molecule).
5(6)Carboxy±X-rhodamine (2 mM) and 0.23 Sybr Green I
were added to 50 ml of a second-round PCR mix. Real-time
relative dye ¯uorescence intensities were used to estimate the
ef®ciency (l) of the PCR between PCR cycles n1 and n2
(n2 > n1) according to the equation:

Rfn2 = Rfn1 3 (1 + l)n2 ± n1

that is,

l = 1 ± (Rfn2 / Rfn1)1 / (n2 ± n1)

where Rfn2 is the relative dye ¯uorescence intensity value at
the PCR cycle n2, and Rfn1 is the relative ¯uorescence
intensity value at the PCR cycle n1. In reactions with a known
number of starting templates, the ef®ciency values were
obtained for various intervals along the PCR curve. These
ef®ciency values were then used in the mathematical model
for calculating mutation rates/cycle for templates with
different number of repeats.

A mathematical model and quasi-maximum likelihood
estimation method

We consider a mathematical model for PCR similar to that
described by Sun (19). During the nth PCR cycle, each
template generates a new copy with probability ln. ln is
referred to as the ef®ciency of PCR at the nth PCR cycle.
During the copying process the newly synthesized copy, but
not the template, can undergo a mutation.

Let S(n) be the expected total number of templates after `n'
PCR cycles, we have:

S(n) = (1 + ln)S(n ± 1) 1

Next, we consider the mutation process. It is observed from
the experiment that the mutation rate of a template increases
with the number of repeat units. We do not assume any
speci®c relationship between the mutation rate and the number
of repeat units. Let mj be the mutation rate for a template with
`j' number of repeat units. We assume that when a mutation
occurs, the probability that it is an expansion is e and the
probability that it is a contraction is 1 ± e.
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With the above model, the expected number of template
molecules with j repeat units after n ± 1 PCR cycles, Sj(n),
satis®es the following recursive equation:

Sj(n + 1) = Sj(n) + Sj(n)ln(1 ± mj) +
Sj ± 1(n)lnmj ± 1e + Sj + 1(n)lnmj + 1(1 ± e) 2

The above equation can be explained as follows. The
template molecules with j repeat units after n PCR cycles are
composed of four sets of molecules: (i) those with j repeat
units after the (n ± 1)-st PCR cycle [Sj(n)], (ii) newly generated
templates from parent molecules of j repeat units with no
mutations [Sj(n)ln(1 ± mj)], (iii) newly generated templates
from parent molecules of j ± 1 repeat units with one repeat unit
added [Sj ± 1(n)lnmj ± 1e], and (iv) newly generated templates
from parent molecules of j + 1 repeat units with one repeat unit
deleted [Sj + 1(n)lnmj ± 1(1 ± e)]. Let fj(n) be the fraction of
molecules with j repeats after n PCR cycles. Then fj(n) can be
approximated by Sj(n) / E[S(n)]. From equations 1 and 2, fj(n)
satis®es the following recursive equation:

fj�n� 1� � fj�n��1ÿ
lnmj

1� ln

� � fjÿ1�n�
lnmjÿ1e

1� ln

�

fj�1�n�
lnmj�1�1ÿ e�

1� ln

3

For given ef®ciencies at different PCR cycles, we can
calculate the values of fj(n) at any values of (ma, ma + 1, ¼, mb,
e) = (m, e), where a and b are the lower and upper range of the
number of repeat units for PCR products of any given template
and m is the vector (ma, ma + 1, ¼, mb).

Let oj
(i) be the observed fraction of molecules with j repeats

in the ith PCR experiment, i Î I, and j Î J, where I is the set of
all the experiments and J is the set of repeat units of interest.
Let fj(i) be the predicted fraction of molecules using equation 3
such that i Î I, and j Î J. The quasi-likelihood L(m, e) is then
de®ned by:

L�m; e� �
Y
i2I

Y
j2J

�f �i�j �m; e��o
�i�
j 4

m and e were estimated by maximizing L(m, e). Note that L(m,
e) is not the true but rather the quasi-likelihood of the observed
data because the branching process of mutations during PCR
creates a dependency among the different sized PCR products.
There are b ± a + 1 mutation rates (ma, ma + 1, ¼, mb) and one
expansion rate e with a total of b ± a + 2 parameters to be
estimated. Due to the high dimension of the parameter space,
we use the Kiefer-Wolfowitz (20) algorithm to locate the
maximum point of L(m, e). Theoretical studies have shown
that the above approach can accurately estimate the mutation
rates as well as the expansion probabilities if the number of
PCR cycles is greater than 40 (Y. Lai, D. Shinde, N. Arnheim
and F. Sun, unpublished results).

For a simple example of how equation 4 (above) is
evaluated, suppose we have experimental data only on
(CA)6 and (CA)8. For (CA)6, the fraction of PCR products
with ®ve and six repeats is 17 and 83%. For (CA)8, the fraction
of products with six, seven and eight repeats is 3, 20 and 77%,

respectively. The goal will be to use the stutter pattern
frequencies to estimate the mutation rate/template/cycle for all
possible templates from (CA)5 to (CA)8. We use the quasi-
likelihood function:

L(m5,m6,m7,m8,e) = (f5(1))0.17(f6(1))0.83(f6(2))0.03(f7(2))0.20(f8(2))0.77

where f5(1) and f6(1) are given by the recursive formula 3 with
initial value f6(1) = 1and f6(2), f7(2), and f8(2) are given by the
recursive formula 3 with initial value f8(2) = 1.

There are a total of ®ve parameters to be estimated and we
can use the Kiefer-Wolfowitz algorithm (20) to ®nd the
maximum point of L(m5, m6, m7, m8, e).

We ®rst analyzed the experimental data assuming that all
the mutation rates (for instance m5, m6, m7, m8 in the above
example) are independent. When the whole data set was
examined we found that this analysis yielded an obvious linear
relationship between the mutation rates and the number of
repeat units. We therefore assumed mj = aj + b and estimated a
and b using the quasi-likelihood approach (above). The
theoretical basis of the computational method and simulation
studies to test the validity of this approach will be published
elsewhere (Y. Lai, D. Shinde, N. Arnheim and F. Sun,
unpublished results).

RESULTS

Single-molecule PCR experiments

We examined the role of Taq DNA polymerase in the
formation of in±del mutations during PCR of templates
containing dinucleotide and mononucleotide repeats. A pos-
sible confounding factor is that microsatellite sequences in the
cloned PCR templates can vary in size due to mutations that
arose during propagation in E.coli (21±23). To eliminate any
in¯uence of these in vivo generated in±dels, we ampli®ed
single DNA molecules of each clone.

The products of single-molecule ampli®cation from the
clone without a microsatellite insert (noSTR) show a single
peak with a molecular size of 132 nt (Fig. 1). Under the
conditions of our assay, little if any product coincides with a
+1 peak due to 3¢ end addition of an A (10). The absolute
length of each PCR product was determined by comparison
with the length of the noSTR control. Due to the stochastic
nature of both PCR and the mutation process, the stutter
patterns may vary when starting from different single
molecules with the same number of repeat units. For example,
starting with single (CA)14 molecules, the fraction of mutated
PCR products [(CA)13 + (CA)15, etc.] varied from 64 to 49%
among the 12 replicates. For (CA)12 the fraction of mutated
PCR products [(CA)11 + (CA)13, etc.] varied from 55 to 34%.
The complete data set for all templates can be found at http://
www-hto.usc.edu/~fsun.

In clones with a microsatellite insert, the stutter pro®les
become more spread out as the number of repeat units in the
template increases (Figs 1 and 2). This is consistent with an
increase in the template mutation rate as the number of repeat
units in the template increases. Note that as more repeats are
added to the template, a greater effect is seen on the dispersion
of the stutter pro®le of an (A) tract than a (CA) tract (Figs 1
and 2). This indicates that the average mutation rate/repeat/
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cycle is higher for (A)n than for (CA)n tracts. Finally, even
after 60 PCR cycles, we did not observe any mutations for
(A)n tracts with eight or less repeat units or (CA)n tracts with
®ve or less repeat units (data not shown).

PCR ef®ciency

In order to study the relationship between mutation rate and
number of repeat units, we need to know the ef®ciency of PCR
over different cycle numbers. kt-PCR experiments using the
®rst-round PCR product as template were ampli®ed to
estimate the PCR ef®ciency in the second round (note that
beginning with a single molecule, the amount of product
generated in the ®rst round of 30 PCR cycles is too small to be
detected by real-time PCR). The kt-PCR results (data not
shown) provide us with the concentration of template
molecules at different PCR cycles. We calculated the
ef®ciency at the nth cycle (ln) as ln = 0.85, 1 < n < 50; ln

= 0.85 ± 0.05(n ± 50), 51 < n < 58; and ln = 0.15, n = 59, 60 to
use in our computational analysis.

Estimation of the mutation rate

We collected data on 10 or more single molecules of template
with a de®ned number of repeats. In each case we could

calculate what fraction of the PCR product was in each
mutation class (+1 or +2, ¼ or ±1 or ±2, ¼). Using these
fractions and the above ef®ciencies, we applied the quasi-
likelihood method using the experimental data on (CA)6,
(CA)8, (CA)10, (CA)12 and (CA)14. Note that all of the stutter
pro®les for all of the single molecules for each of the ®ve
(CA)n template sizes listed above were used together to
estimate the mutation rate/template/cycle in the same manner
given in the example (see Materials and Methods) where data
from only two different template sizes were used.

The estimated mutation rate/template/cycle of clones with
different numbers of (CA)n or (A)n repeat units are given in
Figure 3 and the mutation rate/repeat/cycle shown in Table 1.
Extensive simulation studies have shown that the quasi-
likelihood approach can recover the relationship between
template mutation rates and number of repeat units (Y. Lai,
D. Shinde, N. Arnheim and F. Sun, unpublished results).
Variation in the ef®ciency parameter has also been shown to
have an insigni®cant effect on the mutation rate estimates
(Y. Lai, D. Shinde, N. Arnheim and F. Sun, unpublished
results).

The same calculation and considerations were used to
estimate the mutation rate for An based on the single-molecule
data from templates with A9, A10 and A12 tracts.

The estimated mutation rates increase approximately
linearly with an increase in repeat number for both (CA)n

Figure 2. The distribution of the PCR products after single-molecule ampli-
®cation using (A)n and (CA)n templates. The x-axis shows the product size
where `zero' refers to the original number of repeats, and `plus' or `minus'
refer to additions or deletions of repeats. Each bar represents the fraction
of PCR products with that size averaged over the 10 single molecules.
Error bars (695% CI) representing the variation between ampli®cation of
individual molecules are also shown.

Figure 1. `Stutter' pro®les of products after single-molecule PCR. The
integral numbers refer to the change in repeat number from the starting
template size. `Zero' refers to the original number of repeats, and `plus' and
`minus' refer to additions or deletions of repeats. `noSTR' is the PCR
product from a template without repeats. Note that the main peak in the
(A)12 pro®le after 60 cycles does not correspond to the initial size of the
single molecule but rather to the one repeat deletion product. This would be
expected if the chance of a contraction mutation was greater than that for an
expansion given the large number of PCR cycles. The apparent +1 peak in
(A)8 was not called as a mutation product based on the software that
considers both the peak height and slope threshold.
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and (A)n tracts (Fig. 3). Note that the calculated linear
relationship between mutation rate and repeat number
includes templates that we have not analyzed but that are
predicted to lie on the line based solely on the data we did
collect. Using the linear assumption, the same quasi-likeli-
hood approach estimated the template mutation rate mj for
(CA)j as: mj = aj + b = a(j ± 4) ± c, a = 3.6 3 10±3, b = 1.5 3
10±2, c = 4 3 10±4. The term a can be regarded as the mutation
rate/repeat/cycle. The template mutation rate depends upon a
as well as the number of repeats, j, after the latter is corrected
for the threshold of four repeat units estimated computation-
ally. The value of parameter c is ~10-fold lower than the value
of a (see also below) and, in practice, may be taken as equal to
zero. The 95% con®dence interval for a based on 1000
bootstrap simulations is quite narrow. The probability of
(CA)n expansion per repeat per PCR cycle e is estimated at
0.06755 with 95% con®dence interval (0.06750, 0.06759).
The contraction rate is ~14-fold higher than the expansion
rate.

The template mutation rate for the (A)n tract is mj = a(j ± 8) ±
c, a = 1.5 3 10±2, c = 2.3 3 10±3. The 95% con®dence interval
(based on 1000 bootstrap simulations) for a is (1.517, 1.522)
3 10±2. The probability of (A)n expansion (e) is estimated at
0.15788 with 95% con®dence interval (0.15782, 0.15795).
The contraction rate is ~5-fold higher than the expansion rate.

Ampli®cation of a population of molecules

We examined the effect of the number of initial templates (100
or 1000 molecules) and PCR cycles (a single round of 40, 50
or 60) on the mutation rates per cycle of templates with (A)n

and (CA)n repeats. In the case of templates with ®ve or fewer
(CA) repeats or eight or fewer (A) repeats, no stutter products
are detected even after 60 cycles at both DNA amounts (data
not shown) agreeing with the single-molecule data. For most
of the templates the distribution of PCR mutation products
obtained after 40 or more cycles, starting with 100 or 1000
molecules, also does not differ signi®cantly from that obtained
after single-molecule PCR. This suggests that the mutation
rate/template/cycle should not be affected signi®cantly by the

change in the number of starting template molecules from 1 to
1000 when the number of PCR cycles is 40 or more.

DISCUSSION

Mutation assays

The mutation rate of rare in±del events in microsatellite
sequences has been measured in several different ways in vitro.
One method detects rare mutations that arise during a single
gap-®lling reaction by a DNA polymerase (24±26). The
mutants are identi®ed by an in vivo selection step. In this
method, only one of the many different possible kinds (+1 or
±1, etc.) of frameshifts can be studied in any one assay.

A strictly in vitro method to measure in±del mutation rates
uses a single round of extension with a primer annealed to a
template containing a microsatellite sequence (27). In this case
only expansion mutations have been studied since incomplete
extensions of the primer mimic contractions. The approach
described in our paper has an in vitro experimental and a
computational component. In a single PCR assay, the mutation
rates (/template/cycle and /repeat/cycle) are computed as is the
ratio of expansion to contraction mutations. The model takes
into consideration that the mutation rate of the template may
change as repeats are added or deleted during PCR. In a sense,
the mutation rate/template/cycle is analogous to in vivo assays
that estimate a rate/template/cell division (21,28,29).

From the perspective of the amount of labor required, our
method is best suited to the analysis of thermostable
polymerases, but could be applied to thermolabile enzymes
if desired. When starting with cloned templates, single
molecule analysis is not required to estimate mutation rates
using the quasi-likelihood method unless, of course, the
mutation rates in the cloning host are so high as to introduce
signi®cant size heterogeneity in the population of cloned
molecules. This does not appear to have been the case with the
(A)n and (CA)n tract lengths we used.

Estimating mutation rates by the quasi-likelihood method
using more than a single PCR template might be a problem in
certain circumstances. In our experiments, only PCR of (A)9

tracts illustrates a potential dif®culty. All 10 of the single-
molecule ampli®cations showed evidence of stutter product.
However, when 100 or 1000 template molecules were
ampli®ed for 40, 50 or 60 cycles, only 25±50% of the
reactions showed stutter products. Because of the stochastic
nature of the mutation process, templates with repeat numbers
close to the threshold may need to experience many PCR
cycles before it is assured that stutter products can be detected.
In essence, the number of ef®cient PCR cycles that can be
achieved is greater starting with one template than with 100,
which is greater than starting with 1000 templates. Given a
constant mutation rate/template/cycle, the lower the PCR
ef®ciency the fewer the number of molecules that are
duplicated each cycle and therefore the smaller the number
of new mutant molecules produced. This potential problem
can be circumvented by running many aliquots with larger
template numbers if single-molecule analysis is not carried
out. Note that increasing the number of cycles beyond 60
would not help since the ef®ciency of PCR drops radically as
this cycle number is approached.

Table 1. Mutation rates/repeat/cycle estimated by the quasi-likelihood
method

Total Expansion Contraction Calculated threshold
m me m(1 ± e) j0 (repeats) Bases

(A)n 1.5 3 10±2 2.3 3 10±3 1.3 3 10±2 8 8
(CA)n 3.6 3 10±3 2.4 3 10±4 3.3 3 10±3 4 8

Figure 3. Relationship between the estimated mutation rate/template/cycle
and the number of repeats in the template.
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Threshold for instability

Assuming the commonly accepted simple slippage model
(each mutation event usually inserts or deletes only one
repeat), a single, mutation rate/repeat/cycle can account for
the data on (CA)n or (A)n tracts. For (A)n tracts, quasi-
likelihood analysis gave the same threshold estimate [(A)8] as
our experimental results.

For (CA)n tracts, a threshold size of (CA)5 had to be
exceeded in order to detect mutation events in our assay. When
estimated independently by the computational approach, the
threshold was found to be (CA)4. Surprisingly, the mutation
rate per repeat per cycle computed using the threshold value of
(CA)4, suggested that that we should have been able to detect
the expected, albeit low, level of mutations with (CA)5

templates considering the sensitivity of the microcapillary
electrophoresis assay. This discrepancy might result from an
overestimate of our ability to detect low mutation frequencies
using our electrophoresis system. It is also possible that the
mutation rate/repeat/cycle may not be constant (as is assumed
in our calculation) over the range of repeat tract sizes we used
in our experiments and may drop signi®cantly for templates
with ®ve or fewer repeats compared with those with >(CA)5. In
theory, running more PCR cycles would allow the detection of
rarer mutation events. However, ampli®cation ef®ciency is too
low after 60 cycles for this to be possible.

Our results on (CA)n tracts suggest that templates with more
than 8±10 nt [(CA)4±(CA)5] have a constant mutation rate/
repeat/cycle (at least up to 14 repeats). There appear to be no
in vitro data on (CA)n tracts to compare with our threshold
estimates.

There is some evidence that the mutation rate/repeat/cycle
is not the same for all tract sizes at least in the case of (T)n

templates. A single in vitro gap-®lling reaction using T7
polymerase with an M13mp2 template followed by in vivo
selection of the mutants, showed that the mutation rate/
template for a single round of primer extension increased
signi®cantly as the number of bases increased from ®ve to
eight (30). Similar experiments using Taq polymerase are
limited to the study of ±1 base frameshifts in a (T)5 tract. In
this case an error rate no greater than 4.7 3 10±5 per detectable
nucleotide incorporated (equivalent to our mutation rate/
repeat/cycle) was observed (25). This rate is a minimum of
300-fold less than the mutation rate/repeat/cycle we calculated
for >(A)8 tracts. Even though there are a number of differences
between the two experimental protocols (e.g. in the PCR
assay, mutations can occur on either the A or T template
strand) we suggest that the gap-®lling data support a transition
to a higher mutation rate/repeat/cycle at a tract size some-
where between (T)5 and (A)9 and that no additional threshold
is reached at least up to (A)13.

It is interesting that for both types of microsatellites, the
total number of nucleotides in a template that undergoes
mutation at the maximal rate/repeat/cycle is approximately the
same [9 for (A)n and 10±12 for (CA)n]. X-ray data on the
structure of Taq polymerase's active site suggest that during
extension of a primer±template by Taq polymerase, the active
site is ®lled with ~7±9 bp of DNA (31,32). This is consistent
with the number of contacts demonstrated for other poly-
merases (33±36). Thus, it is possible that the mutation rate/
repeat/cycle may be maximal when the active site can be

completely ®lled with the repeated sequence. Perhaps some
mutation intermediate is stabilized when all the possible active
site amino acid contacts are made with repeated nucleotides.

Another possibility is that slipped mutation intermediates
do not arise within the enzyme's active site (24,37). Because
of the low processivity of Taq polymerase, slipped intermedi-
ates may form in the repeated region of a partially extended
template before the binding of the next enzyme molecule.
Since the active site can accommodate 9±12 nt, templates with
more than this number of repeats have the opportunity to form
slipped structures in solution that, as a result of branch
migration, form a loop at the 5¢ end of the repeated region. A
loop would then be absent at the 3¢ region of the template and
therefore bind more readily to the active site of the enzyme.

It has also been suggested that stutter pro®les may include
molecules that arose by neither of the above mechanisms but
rather by `out of register' annealing of truncated extension
PCR products or template switching (38). If primer extensions
were terminated prematurely and speci®cally in the repeated
region throughout PCR, and the concentration of such
fragments in the last few PCR cycles was suf®ciently high,
annealing would be possible between complementary repeated
sequence bases at their 3¢ ends. Primer extension of such
substrates by polymerase could occur, leading to expansion
and/or deletion products depending on the rules for repeated
sequence annealing of the prematurely terminated products.
Our results do not support the above model. The micro-
capillary electrophoresis pro®les used to size the PCR
products did not show any of the expected prematurely
terminated products. Finally, true template switching models
(38) should produce no stutter pro®les unless it is accompan-
ied by polymerase slippage.

Ratio of expansions and contractions

A preference for contractions in vitro is seen with (T)n tracts in
experiments using DNA polymerase b, DNA polymerase a,
DNA polymerase g and T4 DNA polymerase (24,30). Our
PCR results show the contraction to expansion mutation ratio
is 14 for (CA)n and 5 for (A)n tracts. This preference for
contractions could be due, at least in part, to the fact that Taq
polymerase lacks a 3¢ to 5¢ proofreading activity (39). Studies
on T7 polymerase show the in¯uence of proofreading on
instability depends upon repeat number (30). Using T7
polymerase, tracts with three repeats show 160-fold more
mutations using enzyme that lacks proofreading activity.
However, (T)8 tracts (the longest studied) are approximately
seven times more stable with the proofreading enzyme. This
proofreading activity is restricted to the elongating primer.
Since expansions, but not contractions, form loops on the
primer strand, one would expect more ef®cient proofreading
of lesions leading to expansions and therefore an increase in
the contraction to expansion ratio in enzymes that lack this
activity (reviewed in 30). The true in vivo situation of course is
more complicated since it has been shown that an interaction
of an accessory protein with a polymerase (thioredoxin with
T7 polymerase) (37) can also in¯uence the ratio of contrac-
tions and expansions.

As discussed in an earlier section, it is conceivable that
mutation intermediates form in the absence of polymerase. If a
loop in the template strand (which can be extended to form a
contraction) is accommodated within the enzyme's active site
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more easily than a mutation intermediate containing a loop in
the nascent strand (24), this would tend to promote contraction
mutations.

Finally, energetic arguments have also been made to
explain why, in general, one should expect a preference for
contractions over expansions (13,24,40). A substrate with a
loop in the template strand will yield a contraction but a loop
in the nascent strand will yield an expansion. For mono-
nucleotide repeat contractions, one base in the nascent strand
must dissociate from its complementary base in the template
and anneal to the next template nucleotide. Two bases in the
nascent strand must dissociate to generate an expansion.
Similarly, a minimum of three bases must dissociate to
produce a dinucleotide repeat expansion, whereas only two are
required for a contraction. Thus, for any one type of
microsatellite repeat, expansion mutations are energetically
less favorable than contractions.
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