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ABSTRACT

DNA polymerase fidelity is affected by both intrin-
sic properties and environmental conditions. Current
strategies for measuring DNA polymerase error rate
in vitro are constrained by low error subtype sensitiv-
ity, poor scalability, and lack of flexibility in types of
sequence contexts that can be tested. We have devel-
oped the Magnification via Nucleotide Imbalance Fi-
delity (MagNIFi) assay, a scalable next-generation se-
quencing assay that uses a biased deoxynucleotide
pool to quantitatively shift error rates into a range
where errors are frequent and hence measurement is
robust, while still allowing for accurate mapping to er-
ror rates under typical conditions. This assay is com-
patible with a wide range of fidelity-modulating con-
ditions, and enables high-throughput analysis of se-
quence context effects on base substitution and sin-
gle nucleotide deletion fidelity using a built-in tem-
plate library. We validate this assay by comparing to
previously established fidelity metrics, and use it to
investigate neighboring sequence-mediated effects
on fidelity for several DNA polymerases. Through
these demonstrations, we establish the MagNIFi as-
say for robust, high-throughput analysis of DNA poly-
merase fidelity.

INTRODUCTION

DNA polymerase fidelity is critical to maintaining faithful
replication of the genome (1). Despite their overall low fre-
quency, DNA replication errors drive important biological
phenomena like evolution and heritable disease genesis (2—
5). During replication, DNA polymerases rely on built-in fi-
delity checkpoints, such as nucleotide selectivity and proof-
reading, to ensure faithful replication of genomic DNA
(1,6,7). Beyond mechanisms intrinsic to the DNA poly-
merase, external factors such as mismatch repair, nucleotide
supply, template sequence context and other environmen-
tal modulators also influence fidelity outcomes (2,8-11). In
vivo, these factors influence a wide population of different
DNA polymerases, each with their own fidelity characteris-
tics (12,13). The interplay between these different types of
DNA polymerases and their corresponding in vivo replica-
tion environments can result in unique error signatures that
have been difficult to pinpoint (14-17). Since the complexity
of in vivo systems can obscure mechanistic insight into DNA
polymerase fidelity, it is important to have robust methods
for fidelity characterization that allow for dissection of key
modulators in specified contexts.

Traditionally, in vitro forward mutation assays that link
replication errors with phenotype upon introducing copied
DNA into bacterial cells have been used for quantifying er-
ror rates of DNA polymerases. These commonly-used /acZ-
based assays suffer from drawbacks such as (a) lack of base-
specific observations because only mutations that inactivate
lacZ are reported, (b) low throughput as each assay requires
significant effort and is not easily scaled, (c) limited capac-
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ity to interrogate sequence context effects on fidelity due to
copying a defined reporter sequence (e.g., lacZ), and (d) ad-
ditional sequencing steps to identify error subtypes (18-20).
Alternatively, gel-based assays, such as denaturing gradient
gel electrophoresis (DGGE), can be used to measure DNA
polymerase fidelity. This method is optimal for resolving
products with fewer, dominant mutation types as opposed
to a highly diverse mix of error-containing products, which
requires repeated rounds of separation, purification, and se-
quencing (21-23). Ultimately, the low-throughput nature of
both lacZ and DGGE mutation assays render these tech-
niques suboptimal for assaying the impact of a multitude
of conditions on fidelity.

Recently, high-throughput assays based on next-
generation sequencing (NGS) have been successfully
employed for direct detection of DNA polymerase errors
(23-28). These approaches substantially improve through-
put and data quality, and allow for fine-grained testing
and analysis of fidelity in different sequence contexts.
Even inherent limitations such as errors introduced during
sample preparation and sequencing can be circumvented
using different barcoding strategies (23,25-27). However,
NGS-based approaches require extensive sequencing (at
least as many reads as the inverse of the error rate that
is being measured) to identify naturally rare error events,
limiting sample scaling capacity within a fixed sequencing
lane. Thus, current approaches do not scale economically
when investigating the impact of a large set of conditions
on DNA polymerase fidelity, which may be useful for
directed evolution or compound library screens.

Available techniques for measuring DNA polymerase er-
ror rate require trade-offs between scalability, error sub-
type sensitivity, and flexibility in types of error-modulating
conditions that can be tested. To overcome these limita-
tions, we have developed a novel assay that combines high-
throughput NGS with an error rate amplification strategy
that dramatically reduces the amount of sequencing reads
required. This technique, we term the Magnification via
Nucleotide Imbalance Fidelity (MagNIFi) assay, takes ad-
vantage of the observation that error rates increase pro-
portionally to imbalances in nucleotide concentrations (29—
31). This allows the MagNIFi assay to amplify naturally
low DNA polymerase error rates well above noise levels.
Forced misincorporation through either limiting or com-
pletely withholding one or more nucleotides during repli-
cation has been employed previously for analysis of DNA
polymerase fidelity and as a strategy for random and site-
specific mutagenesis (32-37). The MagNIFi assay employs
similar principles by titrating the concentration of a des-
ignated ‘rare’ base (dRTP) during synthesis until either
base substitutions or single nucleotide deletions are induced
(Figure 1A). Custom creation of extension templates by
DNA synthesis allows us to (a) design the exact site where
errors will be made (by synthesizing a template that only
contains the complement to the dRTP at a specific loca-
tion), and (b) test the full combinatorial space of neighbor-
ing nucleotides to determine the effect of sequence context
on the type and frequency of errors. By coupling the Mag-
NIFi assay with a NGS readout, we enable a standardized
platform for obtaining reproducible, high-resolution DNA
polymerase fidelity profiles. We measure five distinct DNA

polymerases spanning families A, B, Y and reverse tran-
scriptase (RT) and show strong agreement between our fi-
delity outputs and literature error rate values. We also estab-
lish the MagNIFi assay as a powerful tool for exploring the
impact of local sequence context on error propensity and
type. Through these results, we demonstrate the MagNIFi
assay as a robust method for high-throughput interrogation
of DNA polymerase fidelity.

MATERIALS AND METHODS
DNA polymerases

All enzymes and corresponding reaction buffers were com-
mercially obtained (Supplementary Table S1). Purified Taq
polymerase, Avian Myeloblastosis Virus (AMYV) RT, Phi29
and Sulfolobus islandicus Dpo4 were purchased through
New England Biolabs. Purified Sequenase 2.0 was pur-
chased through Affymetrix.

Extension template design

Extension templates (T, Ta, Tc and Tg) were designed for
all four rare base contexts (Supplementary Table S2). Tem-
plates were 100 bp in length and contained a single T, A,
C or G, or Error-Enriched Site (EES), near the middle of
the template. Extension templates were designed to contain
only three bases, with the exception of the EES (fourth base)
and the extension primer-binding site. For each template
type, the EES was flanked by three degenerate bases before
the EES and three degenerate bases after the EES in order to
create the following sequence context libraries: VVVTVVV,
BBBABBB, DDDCDDD and HHHGHHH (using IUPAC
ambiguity codes). Because each of the six degenerate sites
can be composed of three possible bases, each template
library contained 729 (3°) unique sequence contexts sur-
rounding the EES. With the exception of the 6 bases flank-
ing the EES, template sequences within a given library were
identical. All templates contained a 3’ dideoxy-C modifica-
tion to prevent extension from the template strand during a
final PCR amplification step. Extension templates were pu-
rified via PAGE (Integrated DNA Technologies).

Primer design

A universal extension primer (Pgxt) was designed to bind
to all assay templates (Tt, Ta, Tc and Tg) and was used
for all DNA polymerase extension reactions. From 5'-3’, the
primer contained a 22-base universal tag called common se-
quence 1 (CS1) of the Fluidigm Access Array Barcode Li-
brary for Illumina Sequencers (Fluidigm), a 12-base DNA
barcode, and 20 bases of homology with the template (Sup-
plementary Table S2). To enable assay scalability, a DNA
barcode was built into Ppxt as a placeholder to allow dual-
barcoding of reactions for experimental set ups requiring
multiplexing beyond 384 reaction conditions. A library of
2168 barcodes has been published by Caporaso et al. (38)
and is available here: http://www.nature.com/ismej/journal/
v6/n8/extref/ismej20128x2.txt. Ppxt was purified via stan-
dard desalting (Integrated DNA Technologies).
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Figure 1. MagNIFi assay concept. (A) The MagNIFi assay relies on imbalanced dNTP pools (e.g., [dATP]<<<[dTTP, dCTP, dGTP]) to magnify native
DNA polymerase error rates through forced misincorporation at a specified Error-Enriched Site (EES, e.g., T) on a template consisting of three bases
(e.g., A, G, C). Rare base concentration can be tuned to a threshold where a low fidelity DNA polymerase (LF DNAP) preferentially creates replication
errors but a high fidelity DNA polymerase (HF DNAP) still correctly copies. Therefore, rare base concentration can be used to resolve differences in DNA
polymerase fidelity. (B) Each extension template (yellow) consists of a primer-binding site (dark blue) and a 6-base combinatorial sequence context library

(gray) flanking the EES (pink).

MagNIFi assay

Individual annealing reactions were performed for each
template type (Tt, Ta, Tc and Tg). Primer/template DNA
was prepared by mixing Pgxt with each template library in
a 1:1.5 molar ratio (70 nM primer: 105 nM template) in a
1X reaction buffer specific to each DNA polymerase being
tested (Supplementary Table S1). The extension primer was
annealed to the template DNA by incubation at 95°C for 2
min, followed by a —0.1°C/s ramp until reaching 4°C.

Primer extension reactions were set up in duplicate for
each condition being tested. All biological replicate reac-
tions were performed in parallel, with the same annealed
primer/template sample used for both replicates. For each
DNA polymerase and rare base context of interest, nine
rare base (ARTP) concentrations were tested (log-fold dilu-
tions from 10 wM to 0.1 pM) while the concentration of the
three non-rare bases was held constant at 10 wM. Stocks
of dNTPs were prepared using commercially obtained in-
dividual solutions of dATP, dCTP, dGTP, and dTTP (Bio-
line). Due to the nature of commercial ANTP manufactur-
ing, a zero [dRTP] condition revealed contaminating trace
levels of dRTP in non-rare base stocks. Although trace
dRTP contamination could impact the true concentration
of dRTP propagated in each dilution series, we concluded
that since the same dNTP stocks were used for each reac-
tion, potential contaminating effects were systematic and
did not affect the FCs, estimate.

Primer extension reactions consisted of 1 wl of anneal-
ing reaction, 1X dNTP stocks (10 wM non-rare bases +

variable [dRTP]), variable DNA polymerase units, and 1X
DNA polymerase reaction buffer in a 10 pl reaction. Ex-
tension reaction conditions for all DNA polymerases tested
are described in Supplementary Table S1. All extension re-
actions were incubated for 1 h and stored at —20°C until
purification. The Fluent Automated Liquid Handling Plat-
form (Tecan) was used to set up all primer extension reac-
tions.

Ilumina library preparation and sequencing

Our sample preparation pipeline for NGS was adapted
from a previous protocol (28). Products from individ-
ual rare base extension reactions were column purified
in 96-well plate format using the ZR-96 DNA Clean &
Concentrator-5 (Deep well format) kit (Zymo Research).
Purified DNA products were eluted in 10 wL of water and
stored at —20°C until ligation. Next, a 22 bp universal tag,
common sequence 2 (CS2) of the Fluidigm Access Array
Barcode Library for Illumina Sequencers (Fluidigm), syn-
thesized as duplex DNA with a 5 phosphate modification
and PAGE purified (Integrated DNA Technologies, Supple-
mentary Table S2), was blunt-end ligated to the 3’ end of ex-
tended products. Ligation reactions were carried out in 10
wl volumes and consisted of 6 wL of purified product, 30
nM CS2 duplex DNA, 1X T4 DNA Ligase Reaction Buffer
(New England Biolabs), and 2000 units of T4 DNA Ligase
(New England Biolabs). Ligation reactions were incubated
at 16°C for 16 h. Ligated products were stored at —20°C
until PCR.
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PCR was performed with barcoded primer sets from
the Access Array Barcode Library for Illumina Sequencers
(Fluidigm) to label extension products from up to 384 indi-
vidual reactions. Each PCR primer set contained a unique
barcode in the reverse primer. From 5'-3’, the forward PCR
primer (PE1_CS1) contained a 25-base paired-end Illumina
adapter 1 sequence followed by CS1. The binding target of
the forward PCR primer was the reverse complement of the
CS1 tag built into Pgxt. From 5'-3’, the reverse PCR primer
(PE2_BC_CS2) consisted of a 24-base paired-end Illumina
adapter 2 sequence, a 10-base Fluidigm barcode, and the re-
verse complement of CS2. CS2 DNA that had been ligated
onto the 3’ end of extended products served as the reverse
PCR primer-binding site.

Each PCR reaction consisted of 2 wl of ligation product,
1X Phusion High-Fidelity PCR Master Mix with HF Buffer
(New England Biolabs), and 400 nM forward and reverse
Fluidigm PCR primers in a 20 pl reaction volume. Prod-
ucts were initially denatured for 30 s at 98°C, followed by
20 cycles of 10 s at 98°C (denaturation), 30 s at 60°C (an-
nealing) and 30 s at 72°C (extension). Final extensions were
performed at 72°C for 10 min. Amplified products were
stored at —20°C until clean up and pooling. All ligation and
PCR reactions were performed in 96-well plate format. The
Fluent Automated Liquid Handling Platform (Tecan) and
Mosquito Crystal (TTP Labtech) were used to set up all re-
actions.

The SequalPrep Normalization 96-well Plate Kit (Ther-
moFisher Scientific) was used to clean up and normalize the
recovery of PCR reaction products up to 25 ng per reac-
tion. Normalized, barcoded products were pooled together
to form a library. AMPure XP beads (Beckman Coulter)
were used to concentrate each product library 10-fold. Con-
centrated libraries were analyzed using a 2200 TapeStation
(Agilent) to determine size and quality. Concentration of
each library was measured using a Qubit 2.0 Fluorome-
ter (Life Technologies). Sequencing was performed using
a MiSeq v2 500 cycle kit on a MiSeq Benchtop Sequencer
(Illumina). A 15% phiX DNA control was spiked in along-
side product libraries during sequencing. Fluidigm sequenc-
ing primers, targeting the CS1 and CS2 linker regions, were
used to initiate sequencing. De-multiplexing of reads was
performed on the instrument based on Fluidigm barcodes.
Library concentration, quality analysis, and quantification
were performed at the DNA services (DNAS) facility, Re-
search Resources Center (RRC), University of Illinois at
Chicago (UIC). Sequencing was performed at the W. M.
Keck Center for Comparative and Functional Genomics at
the University of Illinois at Urbana-Champaign (UIUC).

Error rate analysis

Forward and paired-end sequences were obtained in
FASTQ format. Forward sequences were filtered for ex-
act matches to the extension primer and CS2 sequences, as
well as for the presence of a corresponding paired-end read.
The sequence from the start of the read to the beginning
of the Fluidigm reverse PCR primer was isolated, leaving
only the sequence corresponding to the extension product.
Reads in which the paired-end read did not contain the ex-

act reverse complement of this extension sequence were dis-
carded. Next, reads where any base call in this sequence
had a quality score less than 20 were discarded. This se-
quence was then aligned to the expected sequence using
the Needleman—Wunsch algorithm and sequences that had
an alignment score outside of a specified set of cutoffs (us-
ing the EDNAFULL scoring matrix, a gap-opening penalty
of 10, and a gap-extension penalty of 0.5) were filtered for
alignments with scores between 300 and 1000 (39,40). Ex-
tension sequences that were shorter than 70 bp or longer
than 150 bp were discarded. The filtering steps described
were inspired by those used in a previous study (28).

Extension sequences were indexed based on their align-
ments to the expected template sequence. To determine er-
ror rates at EESs, occurrences of the correct incorporation
or error of interest at the given EES were counted and di-
vided by the total number of reads that passed the filtering
procedure. Calculated errors included nucleotide substitu-
tions and single nucleotide deletions at the EES. Descriptive
statistics for experimental error rates were calculated over
the results of two biological replicates.

DNA polymerase error rate data was collected in biolog-
ical duplicate at nine concentrations of the rare base (log-
fold [dRTP] dilutions from 10 uM to 0.1 pM) for each
template type tested. To obtain a rare base titration curve,
log[dRTP] was plotted against mean error rates (n = 2)
and nonlinear regression was performed. Sampling error
between replicates was plotted using standard deviation val-
ues. Curves were fit to a dose response equation accounting
for variable slope, four parameters and a least squares (or-
dinary) fit. From each nonlinear fit we obtained the concen-
tration of rare base that yields the half maximal error rate,
the Fidelity Concentration-50 (FCs), as well as 95% confi-
dence intervals for the FCsy, and R-squared values.

Error rate measurement simulations

To estimate the coefficient of variation (CV), %, for a given

error rate estimate, we assumed the number of errors present
in a given sample, X, was distributed as X ~ Binomial(n, p),
where n 1s the number of sequencing reads in the sample and
p is the underlying DNA polymerase error rate. The error

rate estimator % has variance p(l};p); thus, the CV for the

error rate estimator is ,/ 1;—{)”. We calculated the CV for er-

ror rates and read counts representative of potential NGS-
based experiments analyzing various natural DNA poly-
merases.

FCs( simulations

For FCs sensitivity analysis, 1000 rare base titration curve
experiments were simulated for both Dpo4 and Phi29 copy-
ing in a “T” template context. For each rare base condition,
sequencing results based on 50 sequencing reads were sim-
ulated by drawing 50 samples from a Bernoulli process with
a true error rate equivalent to the experimentally derived
value. A FCs value was then determined for each simulated
experiment using the fitting procedure described previously.
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Mapping FCs, onto literature error rates

For each DNA polymerase, an average FCs, value was plot-
ted against several literature error rates to enable calibra-
tion of FCsy with error rate. Nonlinear regression was per-
formed on a log-log plot using a least squares (ordinary) fit
and the following equation: y = 10l(s/ope)log())t+y—intercept]
Nonlinear fitting between literature error rates and av-
erage FCsy values revealed the following equation: y =
10(2:06310g(x)+1.557) with a RMSE of 0.0008998 errors/bp.

Sequence context analysis

The three bases before (—3, —2, —1) the EES and the three
bases after (+1, +2, +3) the EES were analyzed for their fi-
delity impact at the EES. Reads were identified based on
the composition of the —3, —2, —1, +1, +2 and +3 bases
flanking the EES and the counts of each error (or correct in-
corporation) at the EES were determined for each possible
6-base identity. Counts over all possible 6-base sequences
were then aggregated by base identity and position sur-
rounding the EES and error rates for each base identity and
neighboring position were calculated.

RESULTS
MagNIFi assay description

Our error rate amplification strategy for characterizing fi-
delity (Figure 1A) uses a DNA polymerase extension as-
say with a uniquely designed template and carefully con-
trolled levels of dNTPs. Our extension template consists of
primarily three nucleotides (e.g., A, G, C) with a fourth
base (e.g., T) reserved as the Error-Enriched Site (EES)
positioned near the middle of the template (Figure 1B).
During primer extension, we supply asymmetric levels of
dNTPs, where three out of the four dNTPs (e.g., dTTP,
dCTP, dGTP) are fixed at an equimolar concentration but
the concentration of the dRTP, the base complementary to
the EES (e.g., dATP in Figure 1A), is limited. The concen-
tration of the dRTP is reduced until a concentration is found
where a DNA polymerase is more likely to misincorporate
one of the more abundant dANTPs or make a deletion at
the EES than incorporate the dRTP correctly. For a given
DNA polymerase, a critical concentration of dRTP exists
(the FCsp) for which a DNA polymerase will create replica-
tion errors as frequently as correct incorporations. We hy-
pothesized that this FCsy metric, while not a direct mea-
surement of error rate, would correlate strongly with a DNA
polymerase’s underlying error rate.

The MagNIFi assay procedure is displayed in Supple-
mentary Figure S1. First, a universal extension primer is
annealed to one of four possible templates. The DNA poly-
merase of interest is allowed to extend in several parallel
reactions where the dRTP for a given template is diluted
log-fold across those parallel reactions. After extension, sev-
eral sample preparation steps are performed before deep se-
quencing to ensure that sequence-specific PCR amplifica-
tion bias is suppressed and only the extended strand is se-
quenced (28). This procedure allows us to robustly examine
the behavior of DNA polymerases over a wide number of
conditions in a high-throughput manner.

Nucleic Acids Research, 2018 5

MagNIFi assay is scalable, robust and sensitive

Before using the MagNIFi assay for DNA polymerase fi-
delity characterization, we considered how scalable our as-
say would be for high-throughput screening of different fi-
delity conditions, and how this scaling compared to other
methods. In order to maintain satisfactory precision in our
apparent error rate measurements, a minimum number of
NGS reads would be required. To determine this number,
we simulated a DNA polymerase as a Bernoulli process at
various error rates, and determined the variance of the mea-
sured error rate based on the number of NGS reads we ob-
served (Figure 2A). We found that in order to capture er-
ror rates between 4% and 30% with a coefficient of varia-
tion (%) < 15%, only 1000 sequencing reads were required,

and to capture error rates greater than 30% only 100 reads
were needed. These simulations demonstrated that we could
accurately determine amplified error rates (induced by low
dRTP concentration) with substantially fewer reads than
those required for extremely low error rates under normal
dNTP conditions. Given that the FCs, (our previously de-
fined fidelity metric) would correspond to error rate mea-
surements near 50%, we concluded that as few as 100 se-
quencing reads per rare base condition would enable reli-
able fitting of the FCs( value. Thus, assuming that a correla-
tion could be established between magnified error rates and
true error rates, these findings suggested that the MagNIFi
assay would allow us to analyze DNA polymerase fidelity
while using substantially less sequencing resources.

To obtain a better sense of how the apparent error rate
uncertainty would affect the FCs,, we performed an initial
MagNIFi assay trial with a low fidelity DNA polymerase,
S. islandicus Dpo4 (41-43) and a high fidelity DNA poly-
merase, Phi29 (44-46), copying in a ‘T’ template context.
Using these data, we simulated many parallel error rate
readouts based on only 50 sequencing reads per rare base
condition, allowing us to obtain a distribution of fitted FCs
values for each DNA polymerase (Figure 2B). We found our
system to be well calibrated, since random variance resulted
in distributions around our measured FCs, values that en-
abled clear separation of two different polymerases.

Next, we set out to determine assay robustness and sensi-
tivity by performing additional MagNIFi assay experiments
with Dpo4 copying in the remaining three rare base con-
texts. We first determined whether variation in the number
of sequencing reads between biological replicates had any
significant impact on error rate readout. We examined 36
sets of biological replicates (n = 2) of Dpo4 copying four
different template types and found that error rate values
did not vary substantially with read counts (Figure 2C). Fi-
nally, we determined whether the MagNIFi assay could re-
solve small differences in fidelity. From our Dpo4 data set,
we calculated that 10% changes in FCs (and even smaller)
could be resolved with 95% confidence (Figure 2D). In
all, the MagNIFi assay appeared to have robust proper-
ties for large-scale characterization of DNA polymerase fi-
delity. Our assay required significantly fewer sequencing
reads than other NGS-based methods, was robust against
random variance, had low sample variability, and showed
promise as a highly sensitive reporter of fidelity changes.

Downl oaded from https://academ c. oup. conf nar/ advance-articl e-abstract/doi/10. 1093/ nar/ gky296/ 4990018

by guest
on 27 May 2018



6 Nucleic Acids Research, 2018

A
Number of Reads
o =,
£ —m
S 10 o
o
2
e
- \
<
g 10 \
o
g
8 | \
8 10
10"
10° 10 104 10° 107 10"
Error Rate (bp™)
Cc Error Rate Readout is Robust Against
Read Count Variability
2.51
204 °
o
T
T 1.51
e
I
= 104, .
2 .
L]
0.5'.: S . .
. .' - . .
.c’ ° * o °
0.04 =

0 2000 4000 6000 8000 10000 12000
| A Read Count|

B FC,, Simulations
401 = Dpod
354 Phi29
301
3 251
c
g
3 207
o
- 154
104
5.
O - r T Ll
1040 1035 1030 1025 1020 1015 1010
FCy (M)
D MagNIFi Assay Resolving Power
1.08+
258 1.061
© L
o
22 1.04
ES
g0
£3
=L 1.024
1.00-
T Ta Tc Tg

Figure 2. Assessing MagNIFi assay potential. (A) Simulation of the minimum number of sequencing reads required to accurately measure different error
rates. Black line denotes a CV of 15%. (B) Sensitivity of FCsg values to sampling error and DNA polymerase stochasticity. Distribution of calculated FCsg
values for 1000 simulated rare base titration experiments, with each rare base condition receiving 50 simulated reads. Each condition was simulated by
drawing 50 samples from a Bernoulli process with an underlying error rate equal to the experimentally derived error rate. FCsy values were determined
using the fitting procedure described in Methods. Histograms are shown for simulations based on Dpo4 (blue) and Phi29 (pink) error rates in a “T” template
context. (C) Determination of MagNIFi assay sample variability across different read counts. Error rate data collected for Dpo4 copying in all four template
contexts reveal that error rate differences between 36 sets of biological replicates (n = 2) do not vary with read count differences between the same set of
biological replicates. (D) Resolving power of the MagNIFi assay based on FCsg sensitivity. Minimum detectable fold change in FCsy was determined
based on the 95% confidence interval of the fitted FCsg (see Supplementary Table S3 for values). The ratio of the Upper Bound 95% CI: Fitted FCsy was

determined for Dpo4 copying in “T’, ‘A’, ‘C” and ‘G’ template contexts.

FCs effectively captures native error rates of DNA poly-
merases

After demonstrating our methodology was robust, we next
validated that the MagNIFi assay could recapitulate pre-
viously reported error rates for a range of DNA poly-
merases. We performed rare base extension assays for five
DNA polymerases: Sequenase 2.0, AMV RT, Phi29, Taq
and Dpo4, and compared dose response fidelity curves of
all five DNA polymerases copying in “T” template contexts
(Figure 3A). The lowest fidelity DNA polymerase tested,
Dpo4, began making replication errors more than half the
time between 0.01 and 0.1 wM dATP, while higher fidelity
polymerases maintained lower error rates. Further log dilu-
tions in [dATP] ultimately resulted in error saturation, sug-
gesting that the ideal range for resolving fidelity differences
was between 0.0001 and 0.1 wM dATP. Rare base titra-
tion curves revealed FCs values of these DNA polymerases
(Supplementary Table S3) that generally agreed with docu-
mented error rates from previous studies (Supplementary
Table S4).

To validate how well our approach could represent DNA
polymerase error rates, we fit dose response data from all
four rare base contexts to obtain an average FCs, for each
DNA polymerase studied (Supplementary Table S3). We
next performed nonlinear calibration between average FCs
values and previously reported literature error rates to de-
termine how well the FCsy metric would map onto tradi-
tional measures of fidelity (Figure 3B). Nonlinear fitting
showed good agreement with the spread of literature val-
ues reported for each DNA polymerase. For Phi29, the es-
timated error rate fell 2.7-fold from the mean of the two re-
ported literature error rates.

Correlation between error rates that were measured using
a variety of fidelity assays and our FCs, outputs allowed us
to establish MagNTFi assay fidelity readouts as biologically
relevant. Analyses of FCs sensitivity (Supplementary Fig-
ure S2) and error rate variability between replicates (Supple-
mentary Figure S3) for all five DNA polymerases copying
in all four template contexts further established MagNIFi
assay robustness and sensitivity.
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MagNIFi assay resolves DNA polymerase base substitution
and single nucleotide deletion preferences

Sequencing data from each set of rare base conditions re-
vealed high-resolution information on DNA polymerase fi-
delity preferences. In Figure 4, we calculated in-depth fi-
delity profiles of Dpo4 copying in all four rare base con-
texts: ‘T’ template (Figure 4A), ‘A’ template (Figure 4B),
‘C’ template (Figure 4C), and ‘G’ template (Figure 4D).
Each profile serves as a fidelity fingerprint, revealing DNA
polymerase mutation preferences by displaying the fraction
of base substitutions and single nucleotide deletions that
were created. When copying a ‘T’ template, Dpo4 favored
T:dGTP substitutions over other error types. Similarly, in a
‘G’ template context, Dpo4 preferentially created G:dTTP
mismatches. A:dATP and C:dATP substitutions were only
marginally preferred in ‘A’ template and ‘C’ template con-
texts, respectively. A previous study that measured all 12
base substitution rates for Sulfolobus solfataricus Dpo4, a
close homolog of S. islandicus Dpo4, reported the follow-
ing error preferences: T:dGTP > T:dCTP ~ T:dTTP at T
sites, A:dATP > A:dCTP > A:dGTP at A sites, G:dTTP >
G:dGTP > G:dATP at G sites, and C:dCTP > C:.dATP =
C:dTTP at C sites (41). We observed similar trends with S.
islandicus Dpo4, with the exception of a slight preference for
C:dATP over nearly equivalent C:dCTP and C:dTTP mis-
pairs. Another report that measured S. solfataricus Dpo4
error preferences further corroborated our findings (28).
High-resolution profiles for remaining DNA polymerases
in this study are shown in Supplementary Figure S4A-D.
For all DNA polymerases, we quantified error preference
as the fraction of total errors that resulted in a particular er-
ror type (i.e., a specific base substitution or single nucleotide
deletion) at the lowest rare base concentration tested (since
the lowest [dRTP] produced the largest error response) (Fig-
ure SA-E). Consistent with past reports, we found Dpo4 to

have a higher average deletion error rate than DNA poly-
merases from other families (i.e., A, B, RT) (41-43). Dpo4
also displayed the highest C:dCTP substitution rate, a typ-
ically rare mutation that almost never occurred with the
other DNA polymerases tested (10,41). In general, Dpo4
errors were more evenly distributed across all possible error
subtypes compared to the higher fidelity DNA polymerases
measured. As expected, the breakdown of error type at dif-
ferent template sites varied with the DNA polymerase. At
‘T’ and ‘G’ template sites, all DNA polymerases made dom-
inant T:dGTP and G:dTTP substitutions, respectively. At
‘A’ template sites, all DNA polymerases preferentially misin-
corporated A:dATP with the exception of AMV RT, which
preferred to make A:dCTP substitutions. At ‘C’ template
sites, all DNA polymerases except for Phi29 created prefer-
ential C:dATP mispairs. Phi29 displayed a marginal prefer-
ence for C:dTTP mismatches. Overall, we found that Mag-
NIFi assay data could comprehensively reveal DNA poly-
merase error preferences at all possible bases, recapitulating
past findings and uncovering new insights into DNA poly-
merase fidelity tendencies.

MagNIFi assay reveals sequence context effects on fidelity

It is well established that template sequence context can
impact DNA polymerase fidelity (9,10,15-17). Here, we
sought to examine the effect of neighboring bases on DNA
polymerase error rates and error preferences. To examine
the effects of sequence context on error rate decisions, we
designed each template type to contain six degenerate base
positions (=3, —2, —1, +1, +2, +3) flanking the EES (Fig-
ure 1B, Supplementary Table S2). Each resulting template
library consisted of 729 unique 6-base combinations sur-
rounding the EES and allowed us to thoroughly investigate
the positional effect of base identity on DNA polymerase
error tendencies. For a given rare base context, we calcu-
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lated position-dependent error rates by grouping sequenc-
ing readouts that shared the same base identity at the —3,
=2, —1, +1, +2 or +3 positions. Sequence context-fixed er-
ror rates were then fit to obtain FCsy values as described
previously.

To determine whether sequence context could substan-
tially impact the FCsy readout, we calculated the extent
to which sequence context-specific FCsy values deviated
from the average FCs of a given template library. For each
DNA polymerase and template library, we calculated the
change in FCsp (logFCsy_Average — logFCsy_Fixed Tem-
plate Base) for a given template base at each position sur-
rounding the EES (Supplementary Figures S5-S9). Results
showed that the —3, —2, —1, +1, +2 and +3 base identi-
ties and positions could modulate changes in FCs that in-
dicated either increased or decreased fidelity. For example,
when Phi29 replicated a VVVTVVYV template library (Fig-
ure 6A), we observed that G and C template bases could in-
crease or decrease fidelity depending on their proximity to
the EES, whereas A template bases consistently increased fi-
delity regardless of position. Further, we observed template-
mediated fold-changes in FCsg as large as 2-fold in both di-
rections. For Dpo4, a +1 G in a DDDCDDD context led to
a 2-fold increase in FCsy, signifying lower fidelity, whereas a
+1 A in the same context yielded a ~2-fold decrease in FCsy,
indicating higher fidelity (Supplementary Figure S9). These
data support error rate modulation by sequence context and
furthermore demonstrate the sensitivity of the FCsy metric
to sequence-driven changes in DNA polymerase fidelity.

Apart from modulating FCsy, sequence context in cer-
tain cases also had an effect on the total error response
(defined as the error rate measured at the lowest [dRTP]
tested) that a DNA polymerase could create within a given
rare base context (Supplementary Figures S10-S14). For
instance, Phi29’s total error depended substantially on se-
quence context when replicating DDDCDDD and HHHG
HHH template libraries (Figure 6B). With a couple of ex-
ceptions, total error tended to increase with surrounding C
and G template bases and decrease with surrounding A and
T template bases. Such observations corroborate past re-
ports that A+T-richness at the primer terminus helps to im-
prove strand separation and therefore increase proofread-
ing efficiency (9,47-50), enabling higher fidelity outcomes
for DNA polymerases such as Phi29 bearing 3'-5" exonucle-
ase activity.

Lastly, we investigated whether DNA polymerase error
preference could be modulated by the identity and posi-
tion of neighboring template bases. Similar to before, we
determined error preference by normalizing error subtype
frequencies to total error rate at the lowest rare base con-
centration tested. For most DNA polymerases studied, we
found that base identity at the —1 template position tended
to affect the preferred error distribution at the EES (Sup-
plementary Figures S15-S18). For instance, a —1 G in a
DDDCDDD context led to Phi29 preferentially producing
C:dATP errors, whereas a —1 T in the same context yielded
dominant C:dTTP errors (Supplementary Figure S17). In
contrast, we found that Dpo4 error preferences were pre-
dominantly modulated by the +1 template base position
(Supplementary Figure S19). For instance, in a DDDCDD
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D context, when the +1 base was A or T, Dpo4 predomi-
nantly misincorporated C:dATP, however, when the +1 base
was G, Dpo4 error preference shifted to C:dCTP and sin-
gle nucleotide deletions also increased (Figure 6C). This
unique phenomenon, attributed to active site misalignment
of Dpo4, has been previously reported to explain the un-
usually high rate of C:dCTP and deletion mutations in this
particular sequence context (41,43). Interestingly, we also
observed +1 G-mediated increases in T:dCTP and A:dCTP
rates when Dpo4 replicated in VVVTVVV and BBBABBB
contexts, respectively (Figure 6C), further supporting a mis-
alignment mechanism (41). Overall, our sequence context
data collectively point to the strong influence template base
position and identity can exert on DNA polymerase fidelity
decisions.

DISCUSSION

Most DNA polymerases in nature rarely make mistakes
(51), which makes accurate measurement of their fidelity
dependent on many observations. To overcome this techni-
cal barrier, we created an assay that substantially magnifies
DNA polymerase error rates using imbalanced dNTP pools
during extension, allowing for robust measurement of oth-
erwise difficult-to-obtain values simply by tracking the con-
centration of the dRTP. We coupled this error rate amplifi-
cation strategy with a NGS readout, measuring DNA poly-
merase fidelity under varying levels of dNTP pool asym-
metry. Through the MagNIFi assay, we measured a ro-
bust metric, DNA polymerase FCsy, which strongly corre-
lates with DNA polymerase error rate while requiring far
fewer sequencing reads for estimation, allowing for high-
throughput determination of DNA polymerase fidelity.

Using the MagNIFi assay, we interrogated the fidelity
properties of five DNA polymerases and recapitulated
known fidelity trends for these polymerases based on the
FCsp metric. The DNA polymerases we tested included two
widely used commercial polymerases (Taq and Sequenase
2.0, a modified T7 polymerase without 3'-5" exonuclease
activity), a reverse transcriptase (AMV RT) (52), a high
fidelity polymerase with proofreading ability (Phi29) (44—
46), and a low fidelity translesional polymerase (S. islandi-
cus Dpo4) (41-43). Agreement with the literature suggested
that the MagNIF1i assay is a valid approach for rapidly as-
sessing DNA polymerase fidelity. Beyond capturing general
error rates, the MagNIFi assay also recapitulated known se-
quence context-dependent fidelity effects for a couple of the
DNA polymerases that we examined using a simple, gener-
alizable template library approach. These results suggest a
role for the MagNIFi assay as a high-throughput tool in the
DNA polymerase toolkit, alongside established measures of
DNA polymerase fidelity (18-28,36).

Assay properties

An advantage of using error rate magnification in combi-
nation with NGS is the technique’s inherent scalability. Ele-
vating DNA polymerase error rates means that far fewer ob-
servations are required for accurate estimates of polymerase
error behavior. On top of this, it pushes error rates sub-
stantially above the baseline imposed by phosphoramidite
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Figure 6. Local sequence context effects on DNA polymerase fidelity. (A) The identity and position of template bases neighboring a “T” EES impact the
measured FCsy of Phi29 copying in a VVVTVVYV template context. Change in logFCsy (logFCsp_Average — logFCsy_Fixed Template Base) was calculated
for each base identity/position. Positive AlogFCs( values pertain to an increase in fidelity whereas negative values signify a decrease in fidelity. (B) The
identity and position of template bases flanking ‘C’ and ‘G’ EESs impact the % total error Phi29 creates at 10~7 uM dRTP when copying in DDDCDDD
and HHHGHHH template contexts, respectively. A gray dotted line represents the average % total error made by Phi29 in a given context. (C) Base
identity at the +1 template position in DDDCDDD, VVVTVVV, and BBBABBB contexts impacts the distribution of Dpo4 error preferences (nucleotide
substitutions and single nucleotide deletions). Error preference was determined by normalizing error subtype frequency to the total error rate measured at
10~7 wM dRTP. For all graphs in (A)—(C), values represent the average of two experiments. Error bars signify standard deviation (n = 2).

synthesis (~0.05-0.09%) (26,28) and NGS (~0.1%) (53), re-
moving the need for more intricate error-correction meth-
ods (23,25-27). In addition, NGS allows for substantially
multiplexed samples using DNA barcoding. This makes the
MagNIFi assay suitable for medium- to high-throughput
investigations of DNA polymerase fidelity properties.
Compared to standard NGS approaches for measuring
error rates, we determined that to obtain an estimated,
FCsp-based error rate of a moderate fidelity DNA poly-
merase (error rate of 107> errors/bp) using the MagNIFi
assay, the required number of sequenced bases would be re-
duced by 250-fold. The MagNIFi assay would require se-
quencing of 4 x 10* bases compared to a required ~107
bases using other approaches (Supplementary Discussion).

Additionally, if the objective were to simply analyze how
DNA polymerase error preference changed across condi-
tions, FCs calculation would not be necessary, and a single
rare base condition where error rate is maximal (i.e., 1077
wM dRTP) would suffice for determining error fraction. In
this case, the required number of sequenced bases using the
MagNIFi assay would be reduced to 2000 bases per tem-
plate type. Overall, the MagNIFi assay requires substan-
tially less sequencing coverage compared to standard NGS-
based methods that rely on balanced dNTP levels.
Another advantage of amplifying errors is that we free up
sequencing reads that can be used to gain other types of fi-
delity information, such as how unique sequence contexts
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may change DNA polymerase error rate or preferred error
type under any set of conditions. By embedding this infor-
mation capacity in every rare base condition tested, we en-
able a powerful tool for rapidly dissecting the effect of a par-
ticular sequence context on a given fidelity outcome. This is
particularly useful since commonly used fidelity assays lack
the flexibility to systematically evaluate the role of a partic-
ular sequence context in dictating error frequency and type.
At the same time, by encoding a library of many different
sequence contexts into each reaction, we are able to circum-
vent potential sequence bias (which is inherent when a fixed
extension template is used, like /acZ) by considering the av-
erage effect of sequence composition on DNA polymerase
error rate. Therefore, even without exploiting the built-in ca-
pacity to parse sequence effects, we can still reduce sequence
bias, enabling the detection of errors that may be rare or
even non-existent in commonly used template sequences. In
all, the MagNIFi assay platform is well positioned to help
further substantiate proposed template-driven DNA poly-
merase fidelity mechanisms and also facilitate discovery of
novel sequence-based modulators of fidelity.

Assay limitations

Although the MagNIFi assay is well-suited for a variety of
DNA polymerase investigations, it is important to note in-
herent limitations of using our approach. For one, the Mag-
NIFi assay does not measure natural DNA polymerase er-
ror rates. Despite simplifying error measurement and be-
ing a robust indicator of fidelity, our assay is not a direct
error rate measurement technique. For many applications,
such as screening and relative measurements, direct mea-
surement of natural error rates is not necessary. However,
even in scenarios where such measures of fidelity are re-
quired, it is useful to recall that MagNIFi assay outputs map
reasonably well onto traditional measures of error rate.

Furthermore, it is worth noting that previous error
rate measurements are only moderately consistent between
themselves. Although our nonlinear calibration model for
mapping FCs, values to literature error rates reveals a slight
divergence for Phi29 (2.7-fold from the average literature
value), we note a ~3-fold discrepancy in the reported er-
ror rates used for the calibration. This suggests the inherent
difficulty in measuring highly infrequent errors, regardless
of the methodology employed.

Finally, it should be mentioned that due to the nature
of the MagNIFi assay design, we are only able to charac-
terize a subset of replication error types: base substitutions
and single nucleotide deletions occurring at non-iterated se-
quences. Therefore, alternative approaches should be con-
sidered for measuring other classes of common DNA poly-
merase errors, such as single nucleotide insertions and mul-
tiple insertions/deletions at either iterated or non-iterated
sequences.

Assay validation and new insights

Using the MagNIFi assay, we were able to capture a sub-
stantial number of DNA polymerase fidelity trends that
were consistent with the known literature. This allowed us
to establish rare base dose response curves as valid mea-
surements of DNA polymerase fidelity. Further, we also
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observed a number of sequence context- and polymerase-
dependent phenomena that suggested that the error rate
magnification of the MagNIFi assay was done in a relatively
unbiased manner. We observed amplification of DNA poly-
merase errors in the correct proportion to their natural error
rates, revealing magnified error preferences that matched
known DNA polymerase error preferences. For instance,
we correctly captured the general DNA polymerase pref-
erence for dGTP and dTTP misincorporations at T and G
bases, respectively (20,22,28,37,41,54-57). We also captured
polymerase-specific preferences such as AMV RT’s unique
tendency to misincorporate dCTP at A bases (56,58).

At the same time, we were able to characterize a num-
ber of DNA polymerase fidelity characteristics that, to
our knowledge, have not been interrogated. For instance,
although base substitution preferences for exonuclease-
deficient Phi29 have been previously measured (46), amplifi-
cation of errors using the MagNIFi assay enabled detection
of Phi29 error preferences without having to disable 3'-5
proofreading. As a consequence, we were able to more nat-
urally characterize Phi29 fidelity, and even detect sequence
context-dependent fidelity phenomena that supported pre-
viously cited sequence effects on 3'-5 exonuclease activity
(9,47-50).

Another advantage of amplifying DNA polymerase er-
rors through the MagNIFi assay is that we enable observa-
tions of rare error subtypes that previously may not have
been detectable. For instance, traditional fidelity assays re-
port T:dGTP mismatches as the dominant error prefer-
ence of Taq polymerase (20,22,54), but are unable to re-
port higher resolution of error preferences beyond that par-
ticular mismatch. Our assay enabled further detection of
preferred mispairs at the three remaining types of template
bases: A:dATP, C:dATP and G:dTTP.

Interestingly, we noted that reported DNA polymerase
error preferences could be heavily biased by the sequence
context used to measure them. For instance, we observed
initial discrepancies in our observed error preferences for
Dpo4 at ‘C’ template sites (preference for C:dATP) and
previous measurements that used a lacZ template (prefer-
ence for C:dCTP) (41). However, further investigation of se-
quence context effects revealed the template-driven nature
of that preference. Although, on average, Dpo4 preferred
misincorporating dATP at ‘C’ template sites, Dpo4 dis-
tinctly preferred C:dCTP in a context where +1 G flanked
the EES. This +1 G-driven error preference, confirmed by
the literature (41,43), emphasizes just how important it is to
consider the bias introduced by the template used to mea-
sure the fidelity of a DNA polymerase.

High-throughput screening application

Beyond using the MagNIFi assay platform to study DNA
polymerase fidelity, we envision adapting assay principles
for rapidly screening DNA polymerase variants. By supply-
ing only one rare base concentration (near the FCsg) during
extension, many DNA polymerases could be rapidly char-
acterized as having a FCs, that is higher or lower than the
rare base concentration. Since even relatively small changes
in DNA polymerase fidelity would result in a large change
in error frequency near the FCsy, this strategy would enable
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reliable fidelity screening while requiring only a small num-
ber of sequencing reads for error rate measurement. DNA
polymerases with specified fidelity responses could be de-
veloped for applications including but not limited to DNA
data storage (59), molecular recording (28), random muta-
genesis (60) and DNA/RNA sequencing (53,61).
Altogether, we present a reliable, sensitive, and standard-
ized platform for measurement of all 12 possible mispairs
and single nucleotide deletions for DNA polymerases span-
ning all families. Our error rate amplification approach cou-
pled with NGS helps to overcome previous challenges with
measuring DNA polymerase fidelity. The MagNIFi assay
allows us to collect high-resolution data on DNA poly-
merase error preferences, including highly rare events. Our
assay also considers the prominent role of sequence con-
text on fidelity outcomes, and simultaneously enables the
removal and further study of sequence bias under the same
platform. Thus, the MagNIFi assay could prove a useful
tool for the discovery of mutational hotspots, DNA se-
quence motifs where error probability is high (62). In addi-
tion, the MagNIFi assay may be readily adapted for high-
throughput screening of a wide range of fidelity-modulating
conditions due to its high scalability and resolving power.
Looking forward, our strategy may also enable develop-
ment of DNA polymerases with tailored fidelity responses.

DATA AVAILABILITY

Sequencing data can be accessed from the Sequence Read
Archive (SRA) with accession numbers SAMNO08053154—
SAMNO08053333. Python scripts for FASTQ processing
and analysis are available on GitHub: https://github.com/
tyo-nu/nextgendb.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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