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A DNA Polymerase Variant Senses the Epigenetic Marker
S5-Methylcytosine by Increased Misincorporation

Melanie Henkel, Alexander Fillbrunn, Virginie Marchand, Govindan Raghunathan,
Michael R. Berthold, Yuri Motorin, and Andreas Marx*

Abstract: Dysregulation of DNA methylation is associ-
ated with human disease, particularly cancer, and the
assessment of aberrant methylation patterns holds great
promise for clinical diagnostics. However, DNA poly-
merases do not effectively discriminate between process-
ing 5-methylcytosine (5 mC) and unmethylated cytosine,
resulting in the silencing of methylation information
during amplification or sequencing. As a result, current
detection methods require multi-step DNA conversion
treatments or careful analysis of sequencing data to
decipher individual 5mC bases. To overcome these
challenges, we propose a novel DNA polymerase-
mediated 5 mC detection approach. Here, we describe
the engineering of a thermostable DNA polymerase
variant derived from Thermus aquaticus with altered
fidelity towards 5 mC. Using a screening-based evolu-
tionary approach, we have identified a DNA polymerase
that exhibits increased misincorporation towards 5 mC
during DNA synthesis. This DNA polymerase generates
mutation signatures at methylated CpG sites, allowing
direct detection of 5 mC by reading an increased error
rate after sequencing without prior treatment of the
sample DNA. )

The most abundant epigenetic modification in the human
genome is S5-methylcytosine (5 mC), accounting for 4 % of
all cytosine (C) nucleobases.!"! The postreplicative enzymatic
addition of a methyl group to the 5-carbon atom of C is

described as the process of DNA methylation” and occurs
mainly in a symmetrical pattern at 5'-cytosine-phosphate-
guanine-3' (CpG) dinucleotides.”) DNA methylation is
involved in the regulation of gene expression!” and has a
crucial impact on processes such as X-inactivation,”! ge-
nomic imprinting,® cellular development and
differentiation.I”? Dysfunction and alterations in methylation
patterns can be linked to the onset of various human
diseases, especially malignancies.®! Hence, abnormal hyper-
and hypomethylation are considered promising biomarkers
for cancer diagnosis and prognosis.”

DNA polymerases are necessary for the replication and
maintenance of genetic information encoded in DNA. They
are widely used in biotechnological applications for nucleic
acid analysis through amplification or sequencing.'! How-
ever, DNA polymerases do not distinguish between process-
ing 5mC and unmodified C'! resulting in the loss of
methylation information during DNA synthesis. The base
pairing properties of 5 mC remain unaffected because the
methyl group of 5 mC does not interfere with the Watson-
Crick hydrogen bonding!'? and is well-accommodated in the
major groove of the DNA double helix, where significantly
bulkier modifications, up to several orders of magnitude
larger than the natural substrate, are accepted by DNA
polymerases.!"”

Consequently, short-read sequencing methods com-
monly used for single-base resolution methylation profiling
require a chemical and/or enzymatic pre-treatment of the
DNA sample to discriminate 5 mC sites from unmodified
Cs. Bisulfite sequencing is the gold standard for 5 mC
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detection and relies on bisulfite treatment of the template
DNA, which converts C to uracil (U) while leaving 5 mC
unchanged.'"! The conversion is followed by amplification
and sequencing, resulting in the reading of 5mC as
remaining C, while unmethylated Cs are read as thymine
(T) bases.['! Although this method is well established, it has
significant drawbacks.!'”! The conversion of unmodified C to
U reduces the complexity of DNA sequences and impairs
downstream processes and sequencing data analysis.!'”)
Furthermore, harsh reaction conditions lead to fragmenta-
tion and degradation of up to 99 % of the sample DNA.['®
Enzymatic bisulfite-free conversion techniques use consid-
erably milder reaction conditions and the sample DNA stays
largely intact after treatment. Still, conversion-based
methods generally suffer from multiple processing steps,
adenine (A)T-rich sequence products, and incomplete or
incorrect conversion.” In addition to sequencing-by-syn-
thesis approaches, Oxford Nanopore long-read sequencing,
which features direct 5 mC detection, represents a promising
alternative.?! However, the successful detection of 5 mC
requires large amounts of unamplified template DNA and
extensive algorithm training.””! Furthermore, the variability
of signal changes leads to differing as well as limited
accuracy of nanopore methylation calling tools.”

To enable direct detection of 5mC at single-base
resolution without the need for sample conversion before
usage, we report herein on an engineered thermostable
enzyme based on the large fragment of the Thermus
aquaticus DNA polymerase (KlenTaqg DNA polymerase,”*!
hereafter referred to as KTq) with altered fidelity opposite
5mC. The modified base is detected from its unmodified
counterpart by increased misincorporation during polymer-
ase chain reaction (PCR). Subsequently, the resulting
mutation signatures at methylated CpG sites are detected by
reading elevated error rates (T base calls) in the native
sequence context after next-generation sequencing (NGS)
(Scheme 1).

First, a screening-based engineering approach was
developed to discover a KTq variant with increased mis-
incorporation opposite methylated bases from a mutant
library. The DNA polymerase variants applied for screening
included single amino acid substitutions with a broad
spectrum of target mutation sites.™ Additionally, functional
promising mutation sites were rationally combined to
generate double mutation variants, resulting in a total of 970
focused KTq variants. Furthermore, we tested over 2100
KTq variants that contained multiple mutations, established
by combinatorial shuffling of active mutants using the
random chimeragenesis on a transient template
(RACHITT)? method followed by preselection for PCR
activity.!

The libraries were expressed in Escherichia coli (E. coli)
and the DNA polymerase variants were evaluated directly
from cell lysates in single-nucleotide incorporation experi-
ments. The screening reactions were performed in parallel
with oligonucleotides that had the same sequence and either
C or 5 mC at the site of first incorporation as templates. The
5'-labeling of the primers with two different fluorescent
dyes, 6-carboxyfluorescein (FAM) and hexachlorofluores-
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Scheme 1. Comparison of bisulfite sequencing (left) and DNA polymer-
ase mediated 5 mC sensing (right) strategies for the detection of 5 mC.

cein (HEX), and the varying 5-overhangs allowed the
pooling of primer extension reactions for the multiplexed
analysis of several KTq variants by capillary electrophoresis
(CE) (Figure 1a). As substrate for single-nucleotide incorpo-
ration either the complementary 2’-deoxyguanosine-5'-tri-
phosphate (dGTP) (match) or the non-complementary 2'-
deoxyadenosine-5'-triphosphate (dATP) (mismatch) was
applied. We selected dATP to identify KTq variants with
increased misincorporation activity because the KTq wild-
type enzyme misincorporates 2'-deoxyadenosine-5-mono-
phosphate (dAMP) more efficiently than the other mis-
matching nucleotides opposite C and 5 mC (Figure S1).

To identify a DNA polymerase with an increased error
rate opposite 5mC, we screened for KTq variants that
discriminate against 5 mC by reduced 2’-deoxyguanosine-5'-
monophosphate (dGMP) (match) incorporation opposite
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Figure 1. Screening for KTq variants with increased misincorporation opposite 5 mC. a) DNA polymerase library expression lysates were used for
single-nucleotide incorporation of dGMP or dAMP opposite C and 5 mC. Utilization of primers with different length and 5'-fluorescent labeling,
FAM for reactions with C and HEX for reactions with 5 mC, enabled the multiplexed analysis of 12 primer extension reactions in one capillary by
CE. Primer size correlates with oligonucleotide migration time and differences for FAM- and HEX- labeled primers of same length derive from
differential electrophoretic mobility of the fluorophores. Fluorescent signal shift to the right in the electropherograms corresponds to nucleotide
incorporation (R=purine base) and the comparison of extension peak intensity to the intensity of non-elongated primer allows a qualitative
evaluation of the primer extension reaction efficiencies. b) Screened characteristics of promising KTq variants: high 5 mC discrimination for dGMP
incorporation and low to moderate efficiency for JAMP misincorporation opposite C and 5 mC. Displayed electropherograms were obtained during

screening experiments and are exemplarily shown for anticipated results.

the modified template base. Guided by previous studies on
DNA polymerase fidelity,”” we reasoned that this decreased
efficiency of the KTq variants to incorporate the matching
nucleotide opposite 5 mC would instead increase the ratio of
mismatch nucleotide incorporation. To promote this mis-
incorporation, KTq variants were additionally screened for
low to moderately increased dAMP misincorporation, but
without discrimination, opposite C and 5 mC (Figure 1b).
This should result in a catalytically active DNA polymerase
variant that generates mutation signatures opposite 5 mC
but processes canonical nucleotides without increased error
rates. Thus, only KTq variants that misincorporated dAMP
with similar efficiency opposite C and 5mC, as well as
elongated no more than 50% of the primer by dAMP
incorporation were selected, resulting in approximately 3 %
of the initially applied KTq variants. Furthermore, only
those KTq variants with the same or higher 5 mC discrim-
ination efficiency compared to the KTq wild-type were
selected in a next screening. In this final screening round, 12
promising KTq variants were identified as the most promis-
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ing hits, representing 0.4 % of the mutant library (Figures S2
and S3). These KTq variants were derived from the
combinatorial RACHITT mutant library and named accord-
ing to their location in the library (Table S1). After gene
expression and purification of the 12 most promising
enzymes, the screened properties were verified in further
single-nucleotide incorporation experiments (Figure S4).

In addition, we conducted multiple-nucleotide incorpo-
ration experiments to gain insight into the DNA polymerase
elongation capability by adding 2'-deoxycytidine-5'-triphos-
phate (dCTP) as the second nucleotide for incorporation.
The efficiency of the DNA polymerases to process correctly
incorporated nucleotides was evaluated by primer elonga-
tion after dGMP incorporation and showed that the KTq
variants discriminated against 5 mC by reduced elongation
after dGMP incorporation opposite the methylated template
base (Figure S5). However, the processing and elongation of
an incorrectly incorporated nucleotide poses a challenge to
DNA polymerases, leading to mismatch-induced stalling and
contributing to overall replication fidelity.?**! Therefore,
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we focused on selecting DNA polymerase mutants that
efficiently elongate mismatches. Monitoring primer elonga-
tion after dAMP misincorporation revealed that only the
KTq variants RII G7, RIII H20, RIV A8 and RIV D15 were
able to efficiently extend a mismatch (Figure S6). Testing
the PCR efficiency and robustness of the DNA polymerases
while having less dGTP (match nucleotide) available for the
amplification reaction, confirmed that all KTq variants were
PCR active and amplified the correct PCR product (Fig-
ure S7). Among the variants, RIIIH20, RIV A8 and
RIV D15 showed the highest PCR efficiency (Figure S7c).
Considering this, only the KTq variants RIII H20, RIV A8
and RIV D15 combined the desired incorporation character-
istics, namely 5 mC discrimination, increased misincorpora-
tion, sufficient mismatch extension capability and activity in
DNA synthesis.

Next, the KTq variants RIII H20, RIV A8 and RIV D15
were evaluated for the generation of 5 mC-dependent
mutation signatures during DNA synthesis (Figure 2a). To
enhance the 5 mC-dependent signatures, linear amplification
of an unmodified C and a CpG modified 5 mC template was
performed in the presence of a reduced concentration of the
matching nucleotide first (Figure S8). Reducing the dGTP
concentration would increase the formation of mismatches
opposite Cs since less of the matching nucleotide is available
for incorporation.”” In this case, we reasoned that error
formation at methylated sites might be favored due to the
reduced efficiency of the KTq variants to incorporate dGMP
opposite 5 mC. Thus, an unbalanced dNTP pool promotes
both dAMP misincorporation and 5 mC discrimination, and
thereby facilitates specific 5 mC sensing. Subsequently, the
obtained PCR products served as templates for NGS library
preparation and were subjected to sequencing. A self-
scripted KNIMEP” workflow was used for data analysis and
unique molecular identifier (UMI)-based error calculation
(Figure 2b).

Indeed, the KTq variant RIV A8 exhibited an up to
twofold increased error rate at multiple methylated CpG
sites, namely C24, C32 and C72 in the 5mC template
compared to the C template (Figure 3a, black arrows).
Detailed analysis of the error rates for amplification from
both templates revealed that the DNA polymerase preferen-
tially incorporated mismatches opposite templating C bases,
with an average error of 3.2% opposite C compared to
0.27 % opposite all non-C bases. Furthermore, different
sequence positions, including non-C bases, showed variable
error rates. DNA polymerase fidelity heavily depends on
the DNA sequence context and secondary structures.’"
Consequently, the characteristics of the engineered mis-
match formation would be equally affected. Here, it is
particularly important that RIV A8 processed both tem-
plates with comparable fidelity at similar positions. There-
fore, it is even more striking that a significant difference in
error was exclusively detected by comparing methylated and
unmethylated CpG sites (Figure 3b left, black arrows). At
multiple methylated CpG sites C24, C32 and C72, the
RIV A8 variant featured an average 16.5-fold increase in
error rate difference (Aerror rate) compared to the KTq
wild-type enzyme, which featured a marginally increased

Angew. Chem. Int. Ed. 2024, 63, €202413304 (4 of 8)

Communication

Angewandte

intemationaldition’y Chemie

Aerror rate opposite 5 mC only at position C24 and C32
(with a mean Aerror rate of 5.9% at methylated CpG sites
for RIV A8 and a mean Aerror rate of 0.36 % for the KTq
wild-type at methylated CpG sites) (Figure S9). Remark-
ably, initial characterization by primer extension reactions
revealed no significant differences in 5 mC discrimination
capacity between the KTq wild-type and RIV A8 (Fig-
ure S10 and Table S2). The mutation signature analysis
showed that RIV A8 is more error-prone in general but
confirms that an increased dAMP misincorporation (de-
tected as T base calls) led to the enhanced mismatch
formation opposite 5 mC by RIV A8 (Figures 3b right and
S11). Moreover, RIV A8 was able to reproduce the
distinctive 5 mC-dependent error signature with a similar
outcome in a repetition experiment, thus making it a
suitable candidate for detecting 5 mC by increased misincor-
poration (Figure S12). Also the mutants RIII H20 and RIV
D15 exhibited increased dAMP misincorporation opposite
5 mC, although with lower efficiency compared to RIV A8
(Figures S13 and S14).

We were delighted to find that the RIV AS8 variant also
senses methylated CpG sites in human genomic DNA
(gDNA) by generating site-specific 5 mC-dependent signa-
tures (Figure 3d and 3e, black arrows). Due to the inherently
low copy number of gDNA, only small amounts of linear
PCR product were obtained after the reaction with the RIV
A8 variant. Therefore, an exponential amplification by a
high-fidelity DNA polymerase followed to generate the
concentration required for NGS library preparation. This
resulted in a mixture of starting material and RIV A8
product (Figure S15), which required further data analysis.
Based on the previous finding that RIV A8 processed
identical positions in each template with similar fidelity, and
that a significant error difference resulted only from meth-
ylation (Figure S14c), we standardized the absolute error
rates into customized z-scores (Figure S16). Using the z-
score values, calculation of the differences between the
modified 5mC and unmodified C template (Az-score)
confirmed the ability of RIV A8 to detect 5SmC in the
artificial training template, displayed by an average 11.4-fold
increase in Az-score at the methylated CpG sites C24, C32
and C72 compared to unmethylated C positions in the 5 mC
template (Figures 3¢ and S17a). Despite the challenging and
complex nature of amplification from gDNA, RIV A8 was
able to detect methylation levels greater than 50 % at CpG
sites C24 and C32 in the natively methylated gDNA (gDNA
native) (Figure S8). This was indicated by a 9.5-fold increase
of average Az-score opposite these CpG sites in comparison
to C bases (Figures 3d and S17b). Furthermore, by reading
an increased misincorporation at the various CpG sites C24,
C32 and C72 in the enzymatically CpG methylated gDNA
template (gDNA mCpG) RIV A8 confirmed DNA meth-
ylation sensing with a 10.7-fold increase in average Az-score
opposite the CpG sites compared to C bases (Figures 3e, S8
and S17c).

In recent years, evidence has emerged that the 5 mC
oxidation product, 5-hydroxymethylcytosine (5 hmC), serves
not only as an intermediate in the 5 mC demethylation
pathway, but also as a stable epigenetic mark in its own
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Figure 2. Strategy for the detection of 5 mC by reading an increased error rate. a) KTq variants were used for primer elongation opposite C and

5 mCin a linear PCR. The increased error rate opposite 5 mC (indicated by dots) derives from a selective mismatch formation during DNA
synthesis by dAMP misincorporation. Methylation information is represented as a mutation, that is a mispaired A base, in the product DNA. The
PCR product functions as template for the labeling with unique molecular identifier (UMI) sequences (sequencing primer binding site in dark grey
and one color per UMI). Errors are preserved during amplification in the amplicon PCR (sequencing P5 and P7 adapter in black, indexes in blue or
green) and libraries were analyzed by NGS. b) KNIME data analysis workflow used for error calculation. Errors based on the misincorporation by
the KTq variant can be distinguished from sequencing errors by using the depicted UMI strategy. Reads were sorted by identical UMI sequences
into UMI family groups (one UMI family derived from one linear PCR product) and UMI families with a minimum of three reads were further
processed. Reads were aligned to the reference sequence and the error rate at each position was calculated within each family. Next, only errors
which are present in 90% of all reads within one family (true error cut-off: 0.9), were considered for calculating the mean error rate over all UMI
families. For this, the true UMI family errors were set to 1 and the calculated mean error rate represents the error derived from the KTq variant.

5 mC readout is facilitated by reading an increased error rate opposite 5 mC positions.
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Figure 3. KTq variant RIV A8 senses 5 mC by increased misincorporation. a) Error rates of linear PCR products generated by the RIV A8 variant in
presence of an unbalanced dNTP pool with 2 yM dGTP (match) and 200 pM d(A/T/C)TP (each) by amplifying either the unmodified C or modified
5 mC template (50 pM). b) Error rate difference (Aerror rate) (left) and mutation signature (right) at C and 5 mC positions of RIV A8. Error rate
differences were calculated by subtracting error rates obtained by amplifying the C template from error rates obtained by amplifying the 5 mC
template. c) Z-score difference (Az-score) at C and CpG positions calculated by subtracting z-scores of standardized error rates of the C template
from z-scores of standardized error rates of the 5 mC template (3 fM). Z-scores were calculated by dividing the difference between error rate and
the mean error rate of exclusively C base positions by the standard deviation of the latter. Error rates are from linear PCR products received from
RIV A8 variant in presence of an unbalanced dNTP pool with 10 pM dGTP (match) and 200 pM d(A/T/C)TP (each). d) Z-score difference at C and
CpG positions calculated by subtracting z-scores of standardized error rates of the C template from z-scores of standardized error rates of the
natively methylated gDNA (gDNA native) (62.5 ng gDNA). RIV A8 detects CpG methylation at C24 and C32 by increased misincorporation opposite
5 mC in native gDNA. At CpG site C72 (only minor methylation) no increased misincorporation can be detected. e) Z-score difference at C and
CpG positions calculated by subtracting z-scores of standardized error rates of the C template from z-scores of standardized error rates of the CpG
methylated gDNA (gDNA mCpG). RIV A8 detects methylation at CpG sites C24, C32 and C72 by increased misincorporation opposite 5 mC in
mCpG gDNA. All CpG sites are indicated by black arrows. Error rates derived from NGS libraries which were prepared and sequenced once using
the lllumina NextSeq 2000 system.

right.® The evaluation of RIV A8 for sensing DNA
hydroxymethylation demonstrated that the variant discrim-
inates ShmC from unmodified C bases by exhibiting similar
altered incorporation characteristics to those shown for
5 mC (Figures S18-S20).

The mechanism by which the multi-mutant variant RIV
A8 discriminates 5mC and exhibits increased dAMP
misincorporation is currently unclear. However, as no single
or rationally designed variant has the required character-
istics, we speculate that the individual effects of the distal
mutations contribute to a synergistic alteration of DNA
polymerase fidelity (Figure S21). To design a DNA polymer-
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ase that efficiently detects 5mC and still retains catalytic
activity, it was necessary to overcome critical features that
contribute to replication fidelity, such as reliable 5 mC
processing, substrate selectivity and mismatch discrimina-
tion. The mutations can act at different mechanistic levels.
Substitutions close to the active site, such as ESO07A, A570K
and 1614M, may discriminate against correct incorporation
opposite methylated template bases,*! and these muta-
tions may promote misincorporation by maintaining the
correct orientation of residues when encountering mis-
matches, thus facilitating incorporation and elongation of
incorrect nucleotides.”** Combined, this could result in

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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reduced catalytic efficiency for dGMP incorporation oppo-
sittet SmC and thus enhance tolerance for mismatch
formation at this site. Additionally, mutated residues
N483K, S515K, K540N and V586G, which contact the
primer and/or template strand, could enhance DNA binding
and stabilize transition states, promote mismatch elongation
and improve DNA synthesis.*%*

In conclusion, we report here a new approach for 5 mC
detection in highly methylated DNA by exploiting the
properties of the discovered KTq variant RIV AS.
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