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ABSTRACT: 5-Formylcytosine (5fC) is an epigenetic nu-
cleobase of mammalian genomes that occurs as intermedi-
ate of active DNA demethylation. 5fC uniquely interacts
and reacts with key nuclear proteins, indicating functions
in genome regulation. Transcription-activator-like effec-
tors (TALEs) are repeat-based DNA binding proteins that
can serve as probes for the direct, programmable recogni-
tion and analysis of epigenetic nucleobases. However, no
TALE repeats for the selective recognition of 5fC are avail-
able, and the typically low genomic levels of 5fC represent
a particular sensitivity challenge. We here advance TALE-
based nucleobase targeting from recognition to covalent
crosslinking. We report TALE repeats bearing the ketone-
amino acid p-acetylphenylalanine (pAcF) that universally
bind all mammalian cytosine nucleobases, but selectively
form diaminooxy-linker-mediated dioxime crosslinks to
5fC. We identify repeat-linker combinations enabling sin-
gle CpG resolution, and demonstrate the direct quantifica-
tion of 5fC levels in a human genome background by cova-
lent enrichment. This strategy provides a new avenue to
expand the application scope of programmable probes
with selectivity beyond A, G, T and C for epigenetic studies.

Methylation of the cytosine 5-position in DNA serves as
regulatory element of mammalian transcription with im-
portant roles in development, X-chromosome inactivation,
genomic imprinting and diseases.! The resulting nucleo-
base 5mC can be oxidized by ten-eleven translocation
(TET) dioxygenases to 5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fC) and 5-carboxylcytosine (5caC, Fig.
1a) which are intermediates of an active demethylation
process and may have inherent regulatory functions.?¢
Among these nucleobases, 5fC stands out by the presence
of an electrophilic aldehyde group that is available for
addition and condensation reactions.”® Indeed, besides
exhibiting unique protein interactions®!! and influencing
DNA flexibility and nucleosome stability,’? 5fC can form
imine-crosslinks with lysine-containing nuclear proteins
and is involved in nucleosome organization.13-15

Analysis of 5fC in user-defined DNA sequences is key to
further unravel its biological functions.! Here, the reactivi-
ty of 5fC has been exploited for altering its behavior in
bisulfite conversion or its Watson-Crick pairing during
sequencing,'¢18 or for the conjugation of click handles,
haptens, fluorophores or oligonucleotides?® 1922 for subse-
quent analysis by e.g. affinity enrichment.”
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Figure 1. Concept of programmable protein-DNA crosslinking
at 5fC. a.) Structures of C, 5mC, 5hmC, 5fC, and 5caC. b.) TALE
repeat loop with RVD HD binding to C. Hydrogen bonds in red
(pdb 3V6T23). c.) Target DNA sequences used in this study.
d.) Concept. Sequence of one repeat on top (RVD in grey box).
RVD selectivities on the bottom. TALE target sequence is
shown as dark grey bar, cytosines as spheres (color-code as in
Fig. 1a). TALE-bound nucleobases are saturated, non-bound
nucleobases pale.

The design of programmable probes that provide selectivi-
ty for 5fC directly in its canonical sequence context prom-
ises a particular simple, yet highly resolved analysis at
user-defined sites.”-8 20 TALE proteins?4 have emerged as a
promising scaffold for engineering such probes. TALEs are
repeat-based proteins and recognize DNA in a one repeat
versus one nucleobase pairing via a repeat variable di-
residue (RVD) positioned in a loop (Fig. 1b).23 25 This
recognition occurs with one DNA strand via the major
groove.23 25 The selectivity of TALE repeats is defined by
the RVD, with the RVDs NI, NN, NG and HD binding A, G(A),
T, and C, respectively.2* TALE repeats with selectivity for



5mC and oxidized derivatives have been engineered,?7-31
and enabled detection at single, user-defined positions by
affinity enrichment.32 However, 5fC exhibits low genomic
levels,’” and no TALE repeats for its selective, sensitive
detection have been reported.
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Figure 2. Design and nucleobase recognition selectivity of
ketone-bearing TALE repeats. a.) Modelled TALE repeat G*26
with incorporation positions for 1 marked with arrows. b.)
Repeat designs used in this study (RVD underlined, * = dele-
tion). c.) Structure of pAcF (1). d.) SDS PAGE analysis of TALE
expressions with in-frame amber codon in presence or ab-
sence of 1 purified via a C-terminal His6 tag. e.) EMSA interac-
tion analysis (20 mM Tris-HCl, pH = 8.0, 50 mM NacCl, 5 mM
MgaCl, 5 % glycerol) of TALEs with DNA oligonucleotides
containing indicated nucleobase in BRCA1_a sequence oppo-
site single indicated TALE RVD.

We here design repeats that bear a noncanonical ketone
amino acid and universally bind all five cytosine nucleo-
bases. This allows guiding a conjugation handle to user-
defined DNA sequences and install crosslinks with 5fC via
diaminooxy-linkers. Crosslinking overcomes the limited
5fC selectivity and sensitivity of available TALE repeats
and enables the quantification of 5fC levels at single CpG
by affinity enrichment in a human genome background.

We designed a TALE targeting a promoter sequence of the
tumor suppressor BRCA1 (BRCA1la, Fig. 1c) and assem-
bled33 its gene into vector pGFP-ENTRY3? for expression
and purification of TALEs with N-terminal GFP domain,
shortened, AvrBs3-type TALE N-terminal region (NTR)
and a C-terminal His6 tag in E. coli (Fig. 1d and SI Fig. 1, 2).
Instead of the C-selective RVD HD, we positioned RVD G* (*
= deletion at position 13) opposite the C of the first CpG
(Fig. 2a). This repeat bears a cavity opposite the pyrimi-
dine 5-position and universally binds to all five cytosines.28

We then targeted loop positions 11, 12 and 14 (Fig. 2a, b)
for the incorporation of the ketone-bearing ncAA p-acetyl-
L-phenylalanine (1, Fig. 2c¢) via an orthogonal Meth-
anocaldococcus jannaschii tyrosyl-tRNA synthetase/tRNA
pair3* in response to the amber codon in E. coli (Fig. 2d).
We evaluated these repeats via electromobility shift assays
(EMSA) wusing TALE_G*_.11—1, TALE_G*.12—1 and
TALE_G*_14—1 and oligonucleotide duplexes containing
the BRCA1_a sequence with a single C, 5mC, 5hmC, 5fC or
5caC opposite the engineered repeat. In contrast to the
corresponding C-selective TALE_HD, we observed univer-
sal binding of all five DNA targets for all three TALEs (Fig.
2e and SI Fig. 3 and 5). Compared to TALE_G*
TALE_G*_12—1 and TALE_G*_11—1 thereby showed simi-
lar or slightly reduced affinity, whereas binding of
TALE_G*_14—1 was reduced by ~50%. This indicates that
the bulky aromatic side chain of 1 does not lead to nucleo-
base-selective clash at any of the positions,?® but may
somewhat interfere with overall TALE folding or complex
formation when present at position 14.

Programmable TALE-DNA crosslinking for 5fC analysis
requires high yields for maximal sensitivity, but should
also provide high positional resolution by avoiding unde-
sired crosslinking to adjacent off-target positions. This
requires a suited position and orientation of 1 in combina-
tion with an optimal linker length to balance accessibility
of target and off-target nucleobases, and entropic cost of
crosslink formation. Among available condensation reac-
tions with 5fC, we decided for oxime formations because of
their simplicity, fast kinetics, and proven applicability in
genomic tagging reactions. We synthesized a set of linkers
with one to six ethyleneglycole moieties via Mitsunobu
reaction with N-hydroxyphthalimide and subsequent hy-
drazinolysis (Fig. 3a, L1-5).35> We incubated an excess of
linkers with above BRCA1a oligonucleotide duplex bearing
a single 5fC under conditions for para-phenylenediamine
(p-PDA)-catalyzed oxime formation compatible with DNA
hybridization (Fig. 3b and SI Fig. 8 for MS analyses). Brief-
ly, we incubated 100 pmol DNA with 2 pmol p-PDA and 10
pmol L1-5 in 20 uL 20 mM phosphate buffer at pH = 6.0
and room temperature.2® We then added 100 pmol
TALE_G*_11—1 (BRCA1la) in 30 pL binding buffer, and
analyzed crosslink formation after incubation by SDS
PAGE. Crosslink formation indicated that the TALE was
still able to bind DNA, despite the bulky, linker-
functionalized 5fC and acidic pH value. Crosslinking re-
quired a linker with a minimal length of two ethylenglycole
moieties (L2) and occurred with maximal yields with link-
ers containing at least three moieties (L3-5, Fig. 3c). No
crosslinking was observed between TALEs or between the
TALE and an oligonucleotide duplex bearing a 5fC in the
off-target sequence CDKN2A (Fig. 1c and 3c). Moreover, no
crosslink was formed between BRCA1la oligonucleotides or
with the TALE not bearing 1 (SI Fig. 6-9). Finally, experi-
ments with linker L4 and DNA containing C, 5mC, 5hmC,
5fC or 5caC opposite the reactive repeat of TALE_G*_11—1
indicated complete 5fC selectivity of crosslinking (Fig. 3d
and SI Fig. 10).

Quantification of crosslinking for all TALE repeat - linker
combinations revealed high crosslink yields for linkers L3-
L5 with all repeat designs. However, influence of the posi-
tion and orientation of 1 became apparent for linker L2,
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with crosslinking only observed for TALE_G*_11—1 and
somewhat for TALE_G*_14—1, whereas L1 again did not
afford any crosslinks (Fig. 3e and SI Fig. 11).
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Figure 3. Programmable TALE-DNA crosslinking at 5fC. a.)
Linkers used in this study. b.) Dioxime crosslinking between
ketone-bearing TALE repeat and 5fC. c.) SDS PAGE analysis of
basic crosslinking experiments with TALE_G* 11—1
(BRCA1a). XL = Crosslink product. d.) Quantification of SDS
PAGE analysis of crosslinking reactions with TALE_G*_11—1
(BRCAla) and DNA bearing single nucleobase as indicated
opposite the engineered repeat. e.) Quantification of crosslink-
ing reactions with indicated TALE-linker combinations by
SDS-PAGE analysis using 32P-labeled DNA. f.) Cartoon of strat-
egy for studying positional resolution of crosslinking. g. - i.)
Analysis of positional resolution of crosslinking conducted as
in Fig. 3e. CpG1-3 indicate DNA with 5fC either at the first,
second or third CpG with reactive repeat of TALEs opposite C
of CpG2 and universal G* repeats opposite Cs of CpG1 and 3.

To assess potential off-target crosslinking, we constructed
TALEs targeting a clustered triple-CpG sequence in the
BRCA1 sequence context (BRCA1b, Fig. 1c). These beared
one of the reactive repeats opposite the central CpG2 and
universal G* repeats opposite the C positions of the two
adjacent CpG1l and CpG3 (Fig. 3f). Crosslinking experi-
ments with DNAs bearing a single 5fC in any of the three
CpGs revealed some degree of off-target crosslinking for L3
- L5 in all cases (Fig. 3g-i and SI Fig. 12). However, though

also L2 exhibited this promiscuity in several cases, its
combination with repeat G*11—1 showed selectivity for
the central CpG2 (Fig. 3g). Interestingly, linker L1 in com-
bination with repeat G*14—1 crosslinked to the adjacent
CpG1 with excellent yield and selectivity (Fig. 3i).

We next aimed to achieve detection of 5fC in the back-
ground of mammalian genomes. We previously reported
an affinity enrichment assay enabling detection of epige-
netic nucleobases at single, user-defined positions in the
human genome that may be advanced to crosslinking-
based analysis.3? In this assay, magnetic bead-immobilized
TALEs are incubated with fragmented genomic DNA
(gDNA), and the TALE-bound DNA is eluted and quantified
by qPCR after stringent washing. To obtain samples with
precisely defined 5fC levels at single positions, we em-
ployed 5fC-free, fragmented human gDNA (Encode
NA18507) and spiked in PCR targets of the BRCA1 locus at
a concentration of a single genome copy. We introduced
5fC or 5hmC (as the structurally most similar off-target
nucleobase) at the BRCAla target position via synthetic
primers (SI Fig. 13-17). For enrichments, we reacted 1 pg
DNA with 10 umol linker L4 and 2 pmol p-PDA in 20 pL
phosphate buffer as above, and subsequently incubated
the DNA with 10 pmol TALE_G*_11—1 and 0.5 eq. p-PDA in
30 pL binding buffer. We quenched the reaction with 18.5
uL Tris buffer (pH = 9.0), purified it via gel filtration and
incubated it with Ni-NTA magnetic beads in enrichment
buffer. We heated the washed beads in water and used the
supernatant for qPCRs targeting a sequence adjacent to the
BRCA1 TALE binding site (Fig. 4a).
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Figure 4. Covalent enrichment of 5fC-containing DNA se-
quences from mammalian genomic DNA backgrounds. a.)
Assay workflow. b.) gPCR quantification of enrichments with
TALE_G*_11—1 and DNA with 100 % 5fC or 5hmC levels in
the BRCA1 target CpG, including basic controls. A background
control without linker was subtracted from other enrich-
ments. Enrichments were conducted in triplicates, each quan-
tified with triplicate qPCRs. c.) qPCR quantification of enrich-
ments with TALE_G* 11—1 performed as in 4b, but with
background of mESC gDNA. d.) Enrichments as in Fig. 4b with
different 5fC levels. * = p < 0.005. ** = p < 0.0005. *** = p <
0.00005 from student-t-test. R2 from linear regression = 0.99.

We observed effective target enrichment with 5fC-
containing gDNA, but not with 5hmC-containing DNA.
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Moreover, no 5fC-target was enriched in absence of linker
L4, confirming covalent enrichment (Fig. 4b). We also
found that selective target enrichment was not affected by
the presence of 5fC in the background gDNA by analogous
experiments with non-amplified mESC gDNA extracted
from J1 cells (Fig. 4c). We next asked, if this assay would
allow for quantification of 5fC levels. We repeated the
above experiment with mixed 5fC and 5hmC targets to
obtain defined 5fC levels and observed a linear correlation
between levels and number of enriched target copies (Fig.
4d). This shows the selective quantification of 5fC levels at
a single, user-defined CpG in a human genome background
by TALE crosslinking.

In conclusion, we advanced the direct, programmable
targeting of epigenetic DNA nucleobases with TALEs from
recognition to chemoselective crosslinking. By genetically
encoding the ketone-bearing ncAA 1, we created TALE
repeats that universally recognize all five mammalian
cytosine nucleobases, but readily react in linker-mediated,
5fC-selective oxime condensations for covalent capture of
target DNA. This overcomes the lack of 5fC selectivity and
sensitivity of previous, solely recognition-based TALE
repeats. Successful transfer to a simple affinity enrichment
assay enables the selective and sensitive quantification of
5fC at a single CpG site in a human genome background.
Besides selective condensation reactions at aldehydes,
conjugation chemistries are available for primary alcohols
and carboxylic acids that are present in 5hmC and 5caC.
Suited functional groups are available in canonical and
noncanonical amino acids, providing the opportunity for
an extension of the approach. Taken together, our strategy
provides a new avenue to advance the sensitivity and se-
lectivity of probes for programmable DNA targeting be-
yond A, G, T and C, and thus expand their application scope
for epigenetics studies.
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