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Abstract

Mononucleotide microsatellites are tandem repeats of a single base pair, abundant within coding 

exons and frequent sites of mutation in the human genome. Because the repeated unit is one base 

pair, multiple mechanisms of insertion/deletion (indel) mutagenesis are possible, including strand-

slippage, dNTP-stabilized, and misincorportion-misalignment. Here, we examine the effects of 

polymerase identity (mammalian Pols α, β, κ, and η), template sequence, dNTP pool size, and 

reaction temperature on indel errors during in vitro synthesis of mononucleotide microsatellites. 

We utilized the ratio of insertion to deletion errors as a genetic indicator of mechanism. Strikingly, 

we observed a statistically significant bias towards deletion errors within mononucleotide repeats 

for the majority of the 28 DNA template and polymerase combinations examined, with notable 

exceptions based on sequence and polymerase identity. Using mutator forms of Pol β did not 

substantially alter the error specificity, suggesting that mispairing-misalignment mechanism is not 

a primary mechanism. Based on our results for mammalian DNA polymerases representing three 

structurally distinct families, we suggest that dNTP-stabilized mutagenesis may be an alternative 

mechanism for mononucleotide microsatellite indel mutation. The change from a predominantly 

dNTP-stabilized mechanism to a strand-slippage mechanism with increasing microsatellite length 

may account for the differential rates of tandem repeat mutation that are observed genome-wide.

1. INTRODUCTION

Microsatellites are tandem repeats of one to six base pairs per repeat unit that are found in 

all organisms, at varying abundance [1]. Microsatellites are three-fold more abundant in 

Saccharomyces cerevisiae than prokaryotes [2]; within eukarya, vertebrates have the longest 
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microsatellite alleles, particularly rodents [3]. Longer and more abundant microsatellite 

alleles may provide evolutionary advantages by allowing a species to adapt more quickly to 

a changing environment [4,5]. Evolutionary adaptation through microsatellite mutability has 

been shown for many different species, including the circadian rhythm of Drosophila, the 

social behavior of voles, and, dramatically, the skeletal morphology of domestic dogs (for 

review see [4,6]). Among primates, the most common microsatellites are mononucleotide 

repeats, especially [A/T] tracts [3,7]. Mononucleotide microsatellite repeats are frequent 

sites of genetic variation among individual genomes [8]. For example, mononucleotide 

microsatellites greater than 8 units in length make up 10% of all insertion/deletions (indel) 

polymorphisms in the European population.

Microsatellites are interspersed throughout genomes, in a nonrandom distribution [9,10]. 

Numerous microsatellites, including mononucleotide repeats, are present within protein 

coding and regulatory sequences of all species examined [11–13], and 14% of all proteins 

contain at least one microsatellite within the coding region [14]. When present within 

protein coding exons, indels within microsatellites result in frameshifts. In E. coli, abundant 

microsatellite alleles within stress response genes may be an evolutionary strategy to adapt 

to stressful conditions [15]. In humans, frameshift mutagenesis is associated with many 

disease states, including cancers [16–18]. Even when present in intronic regions, 

microsatellite length variation can affect gene transcription and splicing efficiency. For 

example, an intronic [T]11 allele within the MRE11 gene, important in DNA repair of DSBs, 

is frequently deleted to [T]9 in tumors with microsatellite instability. This results in skipping 

of exon five and a subsequent premature stop codon, which decreases the expression of the 

MRE11 protein [16].

Three potential mechanisms could give rise to frameshift mutagenesis: slipped-strand 

misalignment, dNTP-mediated misalignment, and misincorporation-misalignment. Only 

slipped-strand misalignment is unique to repetitive DNA. Less than ten years after Watson 

and Crick published the model of DNA structure and the rules for base pairing [19,20], 

Fresco and Alberts reported an explanation of how DNA can break those rules and 

accommodate unpaired bases that were looped out of the DNA strand, allowing in-register 

bases to align [21]. In 1966, Streisinger et al. examined frameshift mutagenesis from a 

genetic and biochemical perspective [22]. Based on analyses of bacteriophage T4 mutants, 

the authors found that the original wild-type sequence contained repeated bases at the sites 

where mutations were formed. From these observations, the Streisinger strand-slippage 

model was formed. This model has been widely applied to explain the mechanism of indel 

mutations within microsatellites [23–26].

In the slipped-strand misalignment mechanism, repetitive DNA strands separate from each 

other and rehybridize out of frame, forming an indel loop (IDL) (Figure 1). Because the 

DNA is repetitive, this out of register duplex can still present a correctly paired 3’-primer 

terminus to the DNA polymerase. With continued synthesis, the looped base(s) results in an 

insertion or deletion, depending on whether the IDL is located in primer or template strand, 

respectively. Slipped-strand misalignment is thermodynamically stabilized by longer tandem 

repeats in which more correctly aligned bases can form more hydrogen bonds to overcome 

the destabilizing effects of the IDL. In addition, the more repeat units present in a tandem 
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repeat, the more opportunities there are for IDLs to form, and the more distance there can be 

between the IDL and the primer terminus in the polymerase active site. Structural evidence 

of misaligned DNA shows that DNA bases form both extrahelical loops and intrahelical 

bulges with extra bases stacked within the helix [27]. The first structure of a catalytically 

competent DNA polymerase co-crystallized with a slipped-strand intermediate was made 

using Pol lambda, an X-family polymerase [28]. Garcia-Diaz et al. isolated five different 

deletion intermediates with unpaired nucleotides in the template strand. In all cases, the 

unpaired bases were extrahelical and the primer terminus contained properly paired bases. 

These biochemical studies, combined with genetic studies showing that longer 

microsatellites have higher mutation frequencies than shorter microsatellites [29–31] support 

the Streisinger model.

DNA polymerases also create indel errors in non-repetitive DNA sequences, observations 

that led to the dNTP-stabilized and misincorporation-misalignment models of frameshift 

mutagenesis [32–36]. In the dNTP-stabilized mechanism, substrate misalignment occurs in 

the polymerase active site, after dNTP substrate binding. In this model, the legitimate 

templating base is skipped because the incoming dNTP correctly binds to the next 5’ base, 

creating a bulged template and, after continued synthesis, a deletion mutation (Figure 1). 

Structural support for this model is provided by Dpo4, an archaebactrial Y-family DNA 

polymerase. Using undamaged templates, Ling et al. isolated a structure of Dpo4 with a 

skipped template base and a correctly paired next base in the active site [37]. Possibly, the 

skipped base was in a conformation that obscured the hydrogen binding surface from the 

active site of the polymerase, creating a non-instructive base. In that case, when the dNTP 

complementary to the 5’ base entered the active site, the non-informative base was skipped.

The misincorporation-misalignment mechanism begins as a base misincorporation event 

(Figure 1). The newly added mismatched nucleotide can relocate to the next template 

position, if the 5’ templating base is complementary to the misinserted base [38]. 

Polymerase misincorporation events often create a poor DNA substrate for further 

polymerase elongation synthesis, slowing the polymerase catalytic rate and allowing 

substrate realignment with the correctly pairing 5’ neighbor [39]. In support of this model, 

when DNA polymerase dNTP pools are biased with excess dGTP, mutational hotspots are 

formed at purines with 5’ C’s, and when dNTP pools are biased with excess dATP, hotspots 

are formed at 5’ T’s [38]. This mechanism of minus-one deletion errors has been proposed 

to operate in both repeated and non-repeated sequences [38]. We note that misincorporation 

followed by substrate realignment to the 3’ (previous) templating base would result in 

insertion errors by this mechanism. Overall, the rate of this misincorporation-misalignment 

mechanism must be lower than the other indel mechanisms, as it will be the product of the 

polymerase misincorporation rate multiplied by the one in four probability that a 

neighboring base template is complementary to the newly misincoporated base.

For mononucleotide microsatellites, the expected genetic outcomes of the three possible 

indel mechanisms are distinct: strand-slippage mediated misalignment is expected to result 

in both insertions and deletions within a mononucleotide microsatellite, whereas the dNTP-

stabilized mechanism is expected to result in deletions. The misincorporation-misalignment 

mechanism can result in either insertion or deletion errors, but is expected to be dependent 
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on both the sequence context and the base misincorporation rate of the polymerase. We 

recently formalized the relationship between microsatellite mutability and repeat number, 

using segmented regression models and the human 1000 genomes dataset [29]. Our results 

showed that short tandem repeats and microsatellites differ in the rate of mutation as a 

function of repeat number. Paradoxically, tandem repeat mutability grows at a slower rate 

after crossing a threshold length; for mononucleotides, the change point in mutational 

behavior from fast to slow occurred between 8 and 9 repeat units (genome-wide average). 

Our genome analyses also indicated that mononucleotide repeats differ in mutational 

behavior, as compared to di-, tri-, and tetranucleotide repeats. To understand the 

mechanisms underlying these observations, we undertook an in-depth examination of 

mononucleotide microsatellite errors created by several mammalian DNA polymerases. We 

utilized the ratio of insertion to deletion errors as a genetic indicator of mechanism (Figure 

1). We examined polymerase errors within all four microsatellite templates, with biased 

dNTP pools, and at different reaction temperatures. All polymerases examined favor 

deletion over insertion errors within most mononucleotide repeats, with notable exceptions 

based on sequence and polymerase identity. Based on these data, we suggest that dNTP-

stabilized misalignment may be an alternative mechanism of indel errors within 

mononucleotide microsatellites.

2. MATERIAL AND METHODS

2.1. DNA templates

The construction of microsatellite-containing Herpes simplex virus type 1 thymidine kinase 

(HSV-tk) vectors has been previously described [40–42]. Briefly, the MluI (position 83) to 

StuI (position 180) HSV-tk target sequence within the gapped duplex of molecule contains 

88 bp of HSV-tk gene coding region sequence. Microsatellites are inserted in frame, in the 

sequence contexts shown in Table 1 and Figure S1. The mononucleotide vectors have been 

previously characterized [29,43]. For this study, we constructed an additional [G]9 allele. 

However, a [C]9 allele within the same sequence context failed to produce phenotypically 

TK+ bacteria, presumably due to the presence of a proline codon at the 3’ end of the repeat. 

In-frame mononucleotide A and T repeats longer than 8 units also fail to produce 

phenotypically TK+ bacteria, due to E. coli RNA polymerase frameshifting within long A/T 

repeats [44].

2.2. In vitro HSV-tk mutagenesis assay

Pol κ and Pol η reactions—Purified full-length human pol κ and pol η were purchased 

from Enzymax (Lexington, KY, USA). Unless otherwise indicated, in vitro gap-filling 

reactions (100 µl) contained approximately 75 fmol of gapped DNA substrate, 250 µM 

dNTPs, 25mM potassium phosphate buffer pH 7.2, 5 mM MgCl2, 5 mM DTT, 100 µg/ml 

non-acetylated BSA, 10% glycerol and 37.5 fmol pol κ or 50 fmol pol η, and were incubated 

at 37°C for 2 h. Complete gap filling was verified by agarose gel electrophoresis [45]. An 

aliquot of DNA from complete gap-filling reactions was used to transform E. coli strain 

FT334.
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Pol α and Pol β reactions—Human DNA pol α-primase was purchased from Chimerx 

(Madison, WI). Rat recombinant DNA pol β (WT, I260M and Y265W) was purified as a 

hexahistadine fusion protein as previously described [46]. DNA synthesis templates were 

created by hybridization of GStu2 oligonucleotide to ssDNAs, to initiate synthesis at HSV-tk 

position 169. The in vitro reactions (100 µl) contained 1 pmol of template DNA. Reaction 

conditions for pol α were 20mM Tris-HCl (pH 7.5), 10 mM MgCl2, 2.5 mM DTT, 1 mM 

dNTPs, and 20 units pol α-primase. All reactions were incubated at 37 °C for 2 hours and 

terminated with 15 mM EDTA and incubation at 68 °C for 3 minutes. Reaction conditions 

for pol β were 50 mM Tris-HCl (pH 8.5), 50 mM NaCl, 10 mM MgCl2, 250 µM dNTPs, 1 

mM dithiothreitol, 200 µg/ml acetylated BSA, and 10–15 pmol WT, 40 pmol Y260Q and 

12.5 pmol Y265W enzyme. All reactions were incubated at 37 °C for 60 minutes. To sample 

the polymerase reactions for mutations, small fragments were prepared by MluI and StuI 

restriction digestion and hybridized to the corresponding gapped DNA duplex (described 

above), forming heteroduplex plasmid molecules, as described [40,41]. An aliquot of the 

heteroduplex DNA was used to electroporate E. coli strain FT334.

2.3. HSV-tk mutant and polymerase error frequencies

Following electroporation, bacteria were plated on VBA + Chloramphenicol (Cm) or VBA 

+ Cm + 5-fluoro-2’-deoxyuridine (FUdR) selective media to determine the HSV-tk mutant 

frequency [47]. The observed HSV-tk mutant frequency is defined as the number of 

CmRFudRR/CmR viable cells, and is reported as the mean of two, or mean of three ± 

standard deviation independent polymerase reactions. The MluI to StuI DNA sequences 

were determined for independent mutants isolated from two independent polymerase 

reactions per template, as described [40]. Overall polymerase error frequencies (Pol EFs) for 

each template, which includes both microsatellite and coding region mutations, were 

determined by the following equation:

1. Pol EF = (Observed MF− ssDNA MF) × (# sequenced mutants with an in-target 

mutation/total number mutants sequenced).

The ssDNA MF is the HSV-tk mutant frequency of the single-stranded DNA used to make 

the gapped DNA duplex, or as the template for primer-extension reactions. Mutants that do 

not contain a mutation within the target are due to either background errors in the DNAs 

used to create the gapped duplex or polymerase strand displacement synthesis. Because 

multiple mutational events per target sequence are created by some polymerases, error 

frequencies were also adjusted (Pol EFest) to reflect the number of mutational events that 

were detectable as single mutational events, as described [42,48]. All frameshift errors and 

base substitutions that caused an amino acid change were considered detectable. Only 

detectable events were used for Pol EFest. Within the microsatellite target, a unit-based indel 

is defined as any mutational event that resulted in an insertion or deletion of a microsatellite 

base. Interruptions are defined as base substitutions or insertions of nucleotides that are not 

the same base as the mononucleotide repeat template sequence.
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3. RESULTS

Unlike larger motif sizes, unit-based indel mutations within single base mononucleotide 

repeats can arise by three mechanisms (Figure 1). The strand-slippage mechanism of 

misalignment mutagenesis is expected to produce pre-mutational IDL intermediates in both 

the template and primer strands. Because these IDLs can migrate to positions well removed 

from the 3’OH within longer repeats, DNA polymerases are expected to extend these pre-

mutational intermediates efficiently, resulting in both insertion and deletion mutations. The 

precise proportion of insertions to deletions is expected to vary among polymerases, 

reflecting each enzyme’s interactions with the DNA and inherent fidelity for extending IDL-

containing substrates. In contrast, only deletion mutations are expected to result from dNTP-

stabilized misalignment mechanism, while indels produced by the misincorporation-

misalignment mechanism are expected to be highly dependent on DNA polymerase 

misincorporation fidelity and DNA sequence context. Using this theoretical genetic 

framework, we set out to intensively examine the mechanism by which DNA polymerases 

create errors within each of the four mononucleotide repeats, of lengths at or near the 8–9 

unit change point in mutational behavior [29]. We examined the effects of five variables on 

mononucleotide mutational specificity: template sequence, sequence context, polymerase 

identity, reaction temperature, and dNTP substrate pools.

3.1. Template sequence and flanking sequence content

Using our established HSV-tk in vitro assay, we measured DNA Pol β errors within [G]10 

and the complementary [C]10-R mononucleotide repeats. The WT Pol β microsatellite error 

frequencies within the [G]10 and complementary [C]10-R repeats are not different (Table S1), 

and DNA sequence analyses of independent mutants revealed an approximately equal 

proportion of unit-based (1 nucleotide) insertion and deletion errors (Figure 2). These results 

demonstrate that both polydG and polydC sequences can form IDL intermediates within 

both the template and primer strands during the in vitro DNA polymerase reactions. One of 

the basic predictions of the strand-slippage model is that as microsatellite alleles increase in 

length, the mutability of the repeated sequence also increases. Therefore, we examined how 

changing the length of the G repeat allele affected both the absolute frequency and 

specificity of errors. As expected, we measured an ~two-fold lower mutation frequency 

within the [G]9 repeat, compared to the [G]10 repeat (Table S1). Although 80% of Pol β 

errors within [G]9 were unit insertions (Figure 2), this difference from the [G]10 specificity 

is not statistically significant (p=0.0776, Fisher’s exact test). These Pol β results are entirely 

consistent with the traditional strand slippage mechanism.

Next, to test sequence context effects, we examined Pol β errors produced within a [C]10 

repeat inserted within the same strand and sequence context as the [G]10 allele, rather than in 

the complementary strand. For this construct, the WT Pol β mutant frequency was ~two-fold 

higher than that of the [C]10-R allele (Table S1). Surprisingly, the error specificity for [C]10 

in this sequence context was highly skewed towards deletion errors: of the 68 microsatellite 

mutants recovered from four independent reactions, only 4 were insertion errors at the 

microsatellite, while 64 were deletions (Figure 2). The difference in Pol β error specificity 

between the [C]10 repeat in the two sequence contexts is highly statistically significant 
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(p<0.0001, Fisher’s exact test). We previously reported the Pol β error frequencies within 

[T]8 and [A]8 repeats [43] (see Table S1). The error specificity for both of these alleles was 

also highly skewed towards unit deletions within the microsatellites (Figure 3A). Therefore, 

of the six microsatellites examined, Pol β produced an unbiased proportion of insertion and 

deletion errors only within two alleles: the complementary [G]10/[C]10-R template 

sequences.

3.2. DNA polymerase identity

To examine whether the very high proportion of Pol β deletion errors observed for the [C]10, 

[A]8, and [T]8 templates are produced by the misincorporation-misalignment mechanism, 

we tested variant Pol β forms with decreased fidelity. For these experiments, we used two 

Pol β variants, both located in the hinge region and previously described to affect the 

positioning of dNTP and/or DNA substrates: I260Q [49,50] and Y265W [46,51]. Using the 

I260Q mutator, we observed a 1.5- to 3.7-fold increase in mutations formed within all 

microsatellites examined, relative to WT Pol β (Table S1). The error specificity for this 

mutator polymerase was not significantly different from WT Pol β for the [G]10, [C]10, [A]8, 

and [T]8 alleles (Figure 3B). However, we did measure an increased proportion of insertion 

errors within the [C]10-R template, relative to WT Pol β (p=0.0003, Fisher’s exact test; ; 

Figure 3B). Using the Y265W mutator, we observed no change in microsatellite mutation 

frequency (Table S1) or error specificity (Figure 3C) for the [G]10, [C]10-R, [C]10 or [A]8 

templates, relative to WT Pol β. However, we did observe a statistically significant increase 

in Y265W insertion errors at the [T]8 microsatellite (17%, p=0.0008, Fisher’s exact test), 

relative to WT, together with an ~two-fold increased microsatellite mutation frequency 

(Figure 3C).

Next, we examined three additional DNA polymerases with varying structures and fidelities 

(human Pol α-primase, Pol η and Pol κ) for the production of errors within the microsatellite 

alleles that failed to produce an unbiased insertion:deletion error spectrum by WT Pol β. All 

enzymes are proofreading deficient, to avoid the confounding effects of exonuclease 

enzymatic activity on error frequency and specificity. Strikingly, we discovered that over 

80% of all indel errors created by all polymerases (including wild-type Pol β) copying the 

four microsatellites examined ([C]10, [G]9, [A]8, [T]8) were deletions (531/645) (Figures 3 

and 4). When comparing to the expected unbiased result of 50% insertions: 50% deletions, 

the difference is highly statistically significant (p<0.0001, Χ2=262.6, 1 degree of freedom). 

This bias is most pronounced for the [C]10 template, where only 15 insertions (7%) were 

observed among the 213 errors produced by six polymerase forms. For Pol α-primase, 

nearly every indel mutation recovered was a deletion, regardless of the mononucleotide 

template sequence (Figure 4A). In fact, we observed only two additional instances where 

any polymerase created an unbiased ratio of insertions to deletions within these templates: 

Pol η and the [G]9 template (Figure 4B), and Pol κ and the [A]8 template (Figure 4C). We 

began this study with the hypothesis that strand-slippage misalignment will result in an 

unbiased proportion of both insertion and deletion errors, since pre-mutational IDL 

intermediates should be formed in both strands and can migrate to positions well removed 

from the 3’OH within the long microsatellite repeat. Altogether, however, our data for the 

microsatellite error specificity of multiple polymerases do not support this hypothesis. 
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Instead, the genetic outcomes we expected from the slipped strand mechanism were the 

exception, not the rule.

3.3. Effects of reaction temperature

The traditional strand-slippage mechanism proposed for microsatellite mutagenesis [52] 

requires DNA strand denaturation, followed by misaligned renaturation of partially 

synthesized DNA duplexes. Thus, the relative strength of hydrogen bonding between 

basepairs and the local sequence context of the repeats may influence this mechanisms of 

mutagenesis. As an alternative means of probing mechanism, we examined the effects of 

reaction temperature on Pol κ mutational specificity within A/T and G/C microsatellites. 

Assuming that more denatured templates will result in the formation of more abundant 

slipped-strand substrates, we expected that the likelihood of creating pre-mutational 

misaligned DNA templates via strand slippage will be greater in polymerase reactions 

conducted nearer to the microsatellite melting temperature (TM), because at the TM, 50% of 

the duplexed molecules are expected to be partially denatured. The approximate TM of the 

[T]8 and [C]10 microsatellite duplexes is 16°C and 40°C, respectively. Therefore, at standard 

37°C reaction conditions, the equilibrium is shifted towards denaturation (more 

misalignment probability) for the [T]8 template (TM =16°C) but towards fully hybridized 

(less misalignment probability) for the [C]10 template (TM =40°C).

For Pol κ errors, the deletion bias of [G] and [C] templates vs. [A] and [T] templates (Figure 

4C) is statistically significant (p<0.0001, Fisher’s exact test). We hypothesized that if strand 

slippage were the major mechanism of creating misalignment errors within the 

microsatellites, then adjusting the reaction temperature might shift the mutational specificity 

to favor an unbiased ratio of insertion:deletion errors. To test this, we first lowered the 

reaction temperature for the [T]8 template to 16°C. Although the Pol κ microsatellite error 

frequency at this temperature was slightly lower than that measured at the 37°C reaction 

(Table 2), the mutational specificity of the 16°C reactions still significantly favored insertion 

mutations (92%). Next, we raised the reaction temperature for the [C]10 template to 47°C 

(above the TM), expecting this to favor DNA melting and increase strand misalignments. 

Instead, raising the reaction temperature of Pol κ reaction reduced the mutation frequency, 

to 180 × 10−4, approximately 5-fold lower than at 37°C. Importantly, all mutants recovered 

from 47°C reaction conditions using the [C]10 template were deletions, similar to results 

when reactions were performed at 37°C (Table 2). These experiments indicate that the 

biased Pol κ mutational specificity observed within mononucleotide [T] and [C] sequences 

is unlikely to reflect differences in the thermodynamic properties of the DNA primer-

template.

3.4. Effects of dNTP substrate pools

DNA polymerase accuracy is affected by dNTP levels [53,54] and relative dNTP pool sizes. 

For misalignment-based errors, dNTP levels or pools can affect the rate of polymerase base 

misincorporation errors or extension of slipped strand IDL intermediates, but should have no 

effect on the initial creation of slipped strand intermediates. Therefore, if the bias towards 

deletion errors within mononucleotide repeats is caused by the preferential extension of 

IDLs within the template strand over IDLs in the primer strand, we hypothesized that we 
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could shift the specificity of microsatellite mutations by altering the concentration of 

incoming dNTPs. In experiments using the [C]10 template, almost all of the microsatellite 

mutants recovered from the various polymerase reactions were deletions. Therefore, we 

hypothesized that increasing the concentration of the incoming correct dNTP, relative to the 

other three dNTP substrates (250 µM dGTP and 20 µM of the other dNTPs), would force the 

polymerase to utilize primer slipped strands, thereby expanding the microsatellite. However, 

creating a dNTP pool bias did not substantially change the mutational specificity of Pol κ for 

the [C]10 template. Approximately 90% of all microsatellite mutants recovered were 

deletions with the pool biased conditions as compared to 100% deletions in standard 

conditions (Table 3). Because this reaction condition dramatically lowers the total 

concentration of dNTPs, we also performed control reactions with 20 µM of all four dNTPs 

(no bias). As expected, the overall Pol κ microsatellite error frequency was lowered 15-fold 

by decreasing the dNTP levels (Table 3), but deletions still accounted for greater than 90% 

of mutations.

We attempted also to change the Pol κ mutational specificity of the [T]8 template, which is 

84% insertions using our standard reaction conditions of 250 µM each dNTP. We lowered 

the concentration of the incoming dNTP (dATP) to 20 µM while keeping the other three 

substrates at 250 µM. In these conditions, the microsatellite mutation frequency was not 

altered relative to standard conditions (Table 3). However, the mutational specificity was 

significantly affected, as all indel mutants sequenced from the 20µM dATP/250µM dG, T, 

CTP reactions were now deletions (p<0.0001, Fisher’s Exact Test). Also, unlike mutants 

recovered from reactions using the standard dNTP concentrations, 50% of all microsatellite 

mutants from 20µM dATP/250µM dG,T,CTP reactions were interruptions, consisting of 

base substitutions and insertions of non-template bases (p<0.0001, Fisher’s Exact Test) 

(Figure S2). Therefore, when dATP levels were lowered in the [T]8 reactions, insertions of 

the templating base were eliminated, and insertions of incorrect bases made up over 25% of 

all microsatellite mutants recovered. In similar reactions, we lowered the dTTP 

concentration to 20µM when utilizing the [A]8 template. In this case, we found that lowering 

the correct dNTP had no effect on either the frequency of errors (Table 3), the specificity of 

indels (p=0.6424), or the frequency of interruptions (Figure S2).

4. DISCUSSION

Repetitive DNA has the propensity to form slipped-strand intermediates. This characteristic 

led to the generally accepted view that microsatellites mutate via slipped-strand 

misalignment [23–26]. Our recent genome-wide analyses indicated that mononucleotide 

repeats differ in mutational behavior, as compared to di-, tri-, and tetranucleotide repeats, 

and that a change point in mutational behavior occurs between 8 and 9 repeat units [29]. In 

this study, we compared the error spectra of several mammalian DNA polymerases under 

various reaction conditions to test mechanisms of mononucleotide mutagenesis. Within 

mononucleotide microsatellites, the insertion or deletion of a single base unit can occur by 

any of three mechanisms (Figure 1). We began this study with the simple assumption that 

formation of the slipped-strand premutational intermediates in the traditional Streisinger 

model shoud occur with approximately equal probability on either the primer or template 

strand. Thus, if no other factors contribute to creating mutational biases, we hypothesized 
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that both deletion and insertion errors should be produced with similar frequency within 

mononucleotide microsatellites. For three mononucleotide sequences (poly dC, dG, dA), we 

did observe the unbiased production of both insertion and deletion errors for at least one 

polymerase (Figure 5), supporting our assumption that IDLs can initially form on both 

strands in nearly equal proportions. Strikingly, however, none of the six DNA polymerases 

examined, representing three structurally distinct DNA polymerases, produced an unbiased 

proportion of both insertion and deletion errors within all four of the mononucleotide 

microsatellites. Indeed, for the 28 polymerase/template combinations tested, we observed a 

statistically significant bias towards deletion errors within mononucleotide repeats for the 

majority of DNA template and polymerase combinations examined (Figure 5). The unbiased 

production of insertions and deletions was the exception, not the rule, being observed in 

only a few instances: Pol β and the [G]10 and [C]10-R alleles (Figure 3), Pol η and the [G]9 

template (Figure 4B), and Pol κ and the [A]8 template (Figure 4C).

What mechanisms can account for this pronounced deletion bias for DNA polymerase errors 

within mononucleotide microsatellites? Possibly, the creation of the IDL substrates occurs 

during DNA polymerase binding, in a manner that is selective for only template strand IDL 

formation. For this mechanism to be consistent with our data, the polymerase-mediated 

template IDLs must be formed only within specific mononucleotide sequences and sequence 

contexts, differing for each polymerase. For example, one would need to propose that Pol β 

DNA binding creates template IDLs within the [C]10 sequence context, but not within the 

[C]10-R context (Figure 2), or that Pol η binding creates template IDLs within [A]8, [T]8, and 

[C]10 mononucleotides, but not within the [G]9 microsatellite. Another possibility is that the 

IDL structures formed within the microsatellite template strands may be differentially 

stabilized by direct polymerase-DNA interactions. While we cannot formally rule out these 

possibilities, we consider these mechanisms to be unlikely, given the extensive differences 

in protein-DNA interactions observed among Pol α-primase [55], Pol β [56], Pol η [57], and 

Pol κ [58] ternary structures.

Alternatively, the predominance of polymerase deletion errors could be explained by a 

traditional strand slippage mechanism in which IDL premutational intermediates are either 

more efficiently extended when present in the template strand, or less efficiently extended 

when in the primer strand. We do not expect that differential extension of IDLs located in 

the template versus primer strand would be a major factor influencing specificity, because of 

the length of the repeated tracts examined. To more directly probe this mechanism, we 

examined Pol κ errors within poly dG and poly dC template microsatellites under different 

reaction conditions. Pol κ predominantly makes deletion errors in both of these repeats 

(Figure 4C). For reactions using the [C]10 template, lowering the three non-complementary 

dNTPs to 20 µM, while keeping the correct dGTP at 250 µM, reduced the microsatellite 

error frequency but did not affect the deletion bias within this template (Table 3). This 

indicates that even with a >10-fold excess of the correct incoming dNTP, Pol κ is unlikely to 

extend the primer strand IDL and make insertion errors on the [C]10 template. Furthermore, 

if differential utilization of premutational IDLs is the mechanism, then one would have to 

postulate that Pol κ can efficiently extend both a guanine-IDL and a cytosine-IDL when 

present in the template strand, but cannot efficiently extend the same IDL substrates when 

present in the primer strand. Finally, the most pronounced deletion bias we observed is 
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within the [C]10 template sequence, where all of the polymerases examined created 80–

100% deletion errors when copying this microsatellite (Figure 5). For the differential 

extension mechanism to be correct, one would have to assume that the extension biases for 

IDLs are similar among B, X, and Y family polymerases, which have very distinct active 

site geometries.

In addition to strand slippage, the misincorporation-misalignment mechanism (Figure 1C) 

could produce indels within microsatellites. In this case, the indel error rate is dependent on 

both the rate of polymerase misincorporation and the rate of relocating the newly 

synthesized mispair to form a correctly hybridized base pair [59]. Although this mechanism 

can result in either deletions or insertions, we do not believe this is a major mechanism 

underlying polymerase errors within mononucleotide microsatellites, for the following 

reasons. First, we did not observe major changes in error specificity for the two mutator Pol 

β forms tested, relative to WT Pol β. The I260Q variant affects DNA template positioning 

within the Pol β active site, and cannot discriminate correct from incorrect dNTP substrates 

[50]. However, we only observed a significantly altered spectrum of I260Q indel errors 

when copying the [C]10-R microsatellite template (Figure 3B). This may be an isolated 

example of misincorporation-misalignment, in which dG-A mispairs are formed at the base 

5’ to the microsatellite, followed by primer strand misalignment and extension of a correct 

dG-C basepair. Consistent with this, we previously reported that the I260M Pol β variant 

also creates an increased proportion of insertion over deletion errors within a [TC]11 

microsatellite allele [60]. The Y265W mutator displayed a 15-fold increased base 

substitution and frameshift error frequency within sequences of the HSV-tk coding region 

[46], but this variant did not create an increased microsatellite frequency or altered 

mutational specificity within four of the five microsatellites examined (Figure 3C). Second, 

the rate of base mispair formation varies greatly among the four polymerases we tested. Yet, 

deletions dominated all of the mononucleotide mutational spectra. At the [C]10 template, for 

example, the only C that could participate in the misincorporation-misalignment mechanism 

and form deletions is the last one, because only the mispairs formed at the last C could 

relocate to the following 5’ base to form a correct base pair. Because the base 5’ to the [C]10 

microsatellite is a G (Table 1), misincorporation-misalignment would require formation of a 

C·dCMP mispair, which is a rare misinsertion event for most DNA polymerases. For 

example, Ohashi et al. determined the C-C mispair frequency for full-length human Pol κ to 

be 2.0×10−4 [61]. In contrast, the rate of Pol κ single base deletions at the [C]10 template is 

960 × 10−4, a difference of nearly 500 fold, suggesting that misincorporation misalignment 

is responsible for few, if any, of the Pol κ errors on this template. Altogether, these data 

argue against misincorporation-misalignment being a major mechanism of mononucleotide 

microsatellite mutagenesis.

We performed additional biochemical experiments using Pol κ as a means of deciphering 

misalignment mechanisms. The Pol κ insertion:deletion ratio for the [A]8 template (45%:

55%) demonstrates that slipped-strand intermediates with loops in both the primer and 

template strand are formed within the [A/T] microsatellite, and both can be substrates for the 

enzyme. Within the [T]8 template, however, Pol κ creates both indel errors, but is 

significantly biased towards insertions. The insertion bias may be caused by a higher Pol κ 

extension efficiency from IDL intermediates containing looped A nucleotides (primer) 
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versus looped T nucleotides (template). To alter polymerase extension efficiency during 

synthesis of the [T]8 template, we lowered the incoming dATP levels relative to the other 

three dNTPs. This pool bias resulted in the elimination of T insertion errors within the 

microsatellite (Table 3) while increasing the number of interruptions within the 

microsatellite. The interruptions are created, in many cases, by the insertion of non-T bases 

within the microsatellite repeat (Figure S2). We interpret these results to indicate that under 

pool biased conditions, the slipped primer strand intermediates continue to arise, 

concomitant with an increased rate of base misinsertions, resulting in interruptions by the 

misincorporation-misalignment mechanism (Figure 1). We also performed temperature 

change experiments as an attempt to shift the equilibrium of the DNA duplexes towards 

more fully hybridized molecules. The Pol κ [T]8 microsatellite error frequency was lowered 

by decreasing the reaction temperature to 16°C, but the insertion bias was still prominent 

(Table 2). One interpretation of our results is that at low temperatures, the DNA duplex is 

more stable, allowing for fewer slipped-strand intermediates. Notably, this insertion bias 

within the [T]8 sequence is unique to Pol κ, as the other five polymerases examined 

displayed very strong biases towards only deletion errors (Figure 5).

Our results for polymerase errors produced within mononucleotide microsatellites differ 

dramatically from our initial expectations of the genetic consequences from simple strand-

slippage mutagenesis. At this time, we cannot formally rule out the possibility that 

differential formation and/or utilization of IDL premutational intermediates, as a function of 

repeat sequence and polymerase, causes the pronounced deletion biases we observed. A 

direct test of this mechanism will require single molecule studies in which varying 

microsatellite DNA substrates are created with differentially labelled strands to allow 

visualization of IDL intermediates in the absence and presence of purified polymerases. 

Never-the-less, a much more simple explanation of all our results is that dNTP-stabilized 

mutagenesis within mononucleotide microsatellites is more common than previously 

believed. Interestingly, we recently reported that Pol κ frameshift errors within the HSV-tk 

gene coding region arise in a sequence context where C was significantly favoured as the 5’ 

neighbour of the deleted base [62]. In the case of the [C]10 template, there are 9 independent 

5’ C’s that could participate in the deletion event. The dNTP-stabilized misalignment model 

postulates that the templating base assumes conformation that is non-instructive to the 

polymerase [37], resulting in that base being skipped during incorporation of the next 

incoming dNTP. Perhaps, dCMPs within the microsatellite interact with Pol κ amino acid 

residues, resulting in an active site geometry that is slightly altered compared to other bases. 

This effect may be enhanced by the 10-base repeat of the [C]10 mononucleotide template. 

Despite the mechanistic basis, our data indicate that there is a highly conserved bias towards 

mononucleotide deletion bias by polymerases from at least three different evolutionary 

families.

5. CONCLUSIONS

Based on the data and arguments presented here, we support a model in which polymerase 

errors within mononucleotide microsatellites can result from a dNTP-mediated 

misalignment mechanism, depending on DNA sequence and DNA polymerase identity. The 

change from a predominantly dNTP-stabilized mechanism to a strand-slippage mechanism 
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with increasing microsatellite length may account for the differential rates of tandem repeat 

mutation that we observed genome-wide [29]. This is an important consideration, not only 

because mononucleotide microsatellites are present within genes, but also because 

intracellular dNTP ratios and levels are variable in cells. In both nontumorigenic and cancer 

cells, concentrations are not equal among the four dNTPs, and the relative abundance of 

each dNTP varies with cell type [63,64]. The natural asymmetry of dNTPs is hypothesized 

to be regulated to maximize replication accuracy [65]. Indeed, perturbations in the balance 

of dNTP pools have been shown to increase mutagenesis in human cells extracts [66] and in 

yeast, in which the mechanism is through misinsertion and altered proofreading activity 

[54]. Regulation of dNTP pools is altered in response to endogenous or exogenous factors 

[53], utilizing cell cycle control proteins p53 [67] and pRb [68]. Both dNTP concentration 

and pool balance can affect cell-cycle checkpoints, polymerase activity, and the identity of 

the DNA polymerases present at the replication fork [53,69].
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Figure 1. Mechanisms of Mononucleotide Indel Mutation
The three panels demonstrate the three methods of indel error production that are possible 

for mononucleotide microsatellite alleles. The potential outcome of each mechanism 

provides a testable hypothesis to determine how mutations are produced in various 

mononucleotide alleles.
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Figure 2. Specificity of WT Pol β errors is template sequence dependent
The sequences of the template strands are indicated by the middle line, with the 

microsatellite sequence in red. Arrow indicates direction of DNA synthesis (5’ to 3’ 

direction). (A). Error specificity within complementary [G]10 and [C]10-R alleles. (B). Error 

specificity within [G]9 and [C]10 alleles inserted in the same sequence context as the [G]10 

allele. Open triangles, single base insertion; open diamond, two base deletion; closed 

triangles, single base deletion; closed diamond, two base deletion. N, number of independent 

microsatellite errors observed. See Table S1 for mutation frequencies.
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Figure 3. Effect of mutator forms of Pol β on mononucleotide error specificity
In vitro replication reactions were performed using the mononucleotide microsatellite 

templates shown (see Tables S1 for frequencies). Bars represent the proportion deletion 

(black) versus insertion (grey) errors within each microsatellite. (A). WT; (B). I260Q. For 

the [T]8 template, 2 mutants were interruptions within the microsatellite. (C). Y265W. 

White dashed line indicates 50% insertion:50% deletion ratio expected for unbiased strand 

slippage. *, significantly different sequence contexts (p<0.0001, Fisher’s exact test); #, 

significantly different relative to WT Pol β (p<0.001, Fisher’s exact test).
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Figure 4. Error specificity of mammalian DNA polymerases within mononucleotide 
microsatellites
In vitro replication reactions were performed using the mononucleotide microsatellite 

templates shown (see Table S2 for frequencies). Bars represent the percentage of deletion 

(black) versus insertion (grey) errors within each microsatellite. (A). Pol α-primase; (B). Pol 

η; (C). Pol κ. White dashed line indicates 50% insertion:50% deletion ratio expected for 

unbiased strand slippage.
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Figure 5. DNA polymerases display a pronounced bias towards deletion errors within all four 
mononucleotide microsatellites
The proportion of deletion errors created within each indicated mononucleotide template 

sequence is plotted for the six polymerases tested: Pol α-primase, Pol β (WT, I260Q, 

Y265W), Pol η, and Pol κ.
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Table 1

Sequences and contexts of microsatellite alleles used in this study.

Allele Template Sequence (Microsatellite allele in bold)

Wild type 5’- GCG CGT TCT CGA -3’

[T]8 5’- GCG CGT TTT TTT TCT CGA -3’

[A]8 5’- GCG CGA AAA AAA ACT CGA -3’

[G]9 5’- GCG CGG GGG GGG GCT TCT CGA -3’

[G]10 5’- GCG CGG GGG GGG GGT TCT CGA -3’

[C]10 5’- GCG CCC CCC CCC CGT TCT CGA -3’

[C]10-reverse 3’- CGC GCC CCC CCC CCA AGA GCT-5’
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