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ABSTRACT: Ten-eleven-translocation (TET) dioxygenases
catalyze the oxidation of 5-methylcytosine (SmC), the central
epigenetic regulator of mammalian DNA. This activity dy-
namically reshapes epigenome and transcriptome by deposit-
ing oxidized 5SmC derivatives, and initiating active DNA de-
methylation. However, studying this dynamic is hampered by
the inability to selectively activate individual TETs with tem-
poral control in cells. We report activation of TETs in mam-
malian cells by incorporation of genetically encoded 4,5-
dimethoxy-2-nitrobenzyl-L-serine as transient active site
block, and its subsequent deprotection with light. Our ap-
proach enables precise insights into the impact of cancer-
associated TET2 mutations on the kinetics of TET2 catalysis
in vivo, and allows time-resolved monitoring of target gene
activation and transcriptome reorganization. This sets a basis
for dissecting the order and kinetics of chromatin-associated
events triggered by TET catalysis, ranging from DNA de-
methylation to chromatin and transcription regulation.

5-Methylcytosine (SmC, (Scheme 1) is a dynamic regulatory
element of mammalian genomes with important roles in dif-
ferentiation, development and carcinogenesis.l'2 In mammals,
the three ten-eleven translocation dioxygenases TET1, TET2,
and TET3 catalyze the iterative oxidation of 5mC to 5-
hydroxymethyl-, 5-formyl, and S5-carboxylcytosine (5hmC,
5fC and 5caC, Scheme 1) in an iron-, oxygen- and «-
ketoglutarate-(0KG)-dependent fashion. These nucleobases
are intermediates of active DNA deme'[hyla'[ion,3'4 but also
possess inherent regulatory functions via specific interactions
with key nuclear proteins,”® and influence on nucleosome
stability9 and positioning.lo

Studying how normal and aberrant TET catalysis dynamically
reorganizes epigenome and transcriptome is key to understand
the emergence of cellular phenotypes during (de-) differentia-
tion and malignant transformation. For example, TET2 is mu-
tated in a wide range of cancers. This can perturb SmC oxida-
tion and target gene activation by directly affecting the general
catalytic activity or nucleobase preference,“ or by altering
protein- and target gene interactions.'” However, studying in-
cell kinetics of SmC oxidation and its downstream events by
individual TETs or TET mutants requires their selective acti-
vation at defined time points. This would overcome system
noise and enable uncoupling the kinetics of catalysis itself
from potentially rate-limiting upstream processes in the TET
life cycle.

Compared to general approaches to control protein expression

(such as Tet on/off systems or siRNA knock-downs”), small
molecule TET effectors provide direct control with enhanced

temporal resolution, but are restricted to mere inhibition of
constitutively active TETs. Moreover, the existence of >60
homologous, aKG-dependent dioxygenases in human repre-
sents a severe selectivity challenge14 (a recent bump-and-hole
strategy provides a new impulse to circumvent this problemlS).
In contrast, optochemical strategies provide unparalleled spa-
tiotemporal control by employing photoresponsive substrates
and proteins.'®"” Here, the genetic encoding'® of photocaged
noncanonical amino acids (ncAA) allows for precise control of
protein functions by expression in an inactive state, and activa-
tion with light.21 This strategy is highly modular, allows selec-
tive control of individual protein homologues, and can be ap-
plied with spatial resolution, i.e. by irradiating parts of cells or
cell populations.””!

Scheme 1: Light-activated oxidation of 5SmC by photocaged TET
and downstream events.
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We aimed at developing photoactivatable TETs by replacing
active site residues with a photocaged ncAA. The caging
group may thereby inhibit catalysis or cofactor binding, and
active TET could be generated in situ by light irradiation
(Scheme 1). We chose the ncAA 4,5-dimethoxy-2-
nitrobenzyl-L-serine 1 (Fig. 1a) that can be genetically encod-
ed by an Escherichia coli amber suppressor leucyl-tRNA-
synthetase (LRS)/‘[RNALeLl pair.22'23 Using the murine TET2
catalytic domain as model (Fig. 1b, hereafter “mTET2”), we
evaluated three active site serines/threonines for substitution,
based on crystal structures and mutational studies.'” At
S1203, modeling suggested that the presence of 1 affects the
orientation of the SmC nucleobase, albeit with unaltered posi-
tions of the 5-methyl group, the iron ion and the aKG analog
N-oxalylglycine NOG (Fig. 1c). At T1285, the caging group
leads to repositioning of 5SmC, NOG and iron, the latter in-
volving coordination by the SmC N4-amino group. However,
at S1812, 1 completely displaces NOG, and strongly reposi-
tions iron and SmC (Fig. 1c).



We constructed vectors encoding mTET2 with C-terminal
HA-tag and without (wild type, wt) or with a single amber
codon at each of the candidate positions (Fig. 1b). We co-
transfected each vector with pLRS BHS5 (encoding
LRS/tRNALe") in HEK293T cells, which exhibit a low back-
ground of oxidized 5mCs” for later kinetic studies with high
dynamic range. After expression for 24 h in presence or ab-
sence of 0.1 mM 1, we fixed and permeabilized the cells, and
analyzed the expression of full-length protein by anti-HA im-
munostainings and flow cytometry (FCM).
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Figure 1: Light-activated SmC oxidation by TET in HEK293T
cells. a) Decaging of photocaged serine 1. b) Features of mTET2
catalytic domain construct and amber positions for incorporation
of 1. ¢) Models of mTET2_S1203—1, T1285—1 and S1812—1
active sites (blue), superimposed with crystal structure of
hTET2_wt (yellow, pdb 4NM6%). 1 is shown in rose, iron as
spheres. d) Incorporation of 1 at mTET2 amber codons analyzed
by anti-HA immunostaining and FCM. e) Anti-HA and anti-5hmC
co-immunostainings of cells expressing indicated mTET2 con-
structs with or without light irradiation. Scale bar: 10 pm. f) Anti-
5hmC immunostainings and FCM analysis of cells expressing the
indicated mTET2 constructs, 24 h after light or no light. g) As
Fig. 1f for hTET1, 2 and 3. h) Kinetics of ShmC formation for
constitutively active wt hTET2, and for caged hTET2_S1898—1
quantified by FCM. Line from linear regression.

We observed varying mTET2 expression levels in the cell
populations for mTET2_S1203™, T1285™% and _S1812™¢
vectors in presence of 1. These were strongly reduced in its
absence, indicating incorporation of 1 with high fidelity (Fig.
1d; additional fidelity control in SI Fig. 2).

We next asked, if our approach enables translation of mTET2
in fully inactive form, and if light irradiation leads to activa-
tion and global oxidation of SmC to ShmC. After expression
for 24 h, we removed 1 from cultures to stop mTET2 expres-
sion, and irradiated them with light (3 min, 365 nm) or not.
After additional 24 h, we imaged the cells after anti-HA and
anti-ShmC  co-immunostainings. Cultures expressing wt
mTET2 or a catalytically inactive mutant (H1295Y/D1297A,
first described for mTET134) showed high ShmC signals only
for the former (Fig. le and SI Fig. 4). Moreover, all mTET2
amber mutants showed high ShmC formation only after light
activation, indicating successful decaging. mTET2 S1203—1
thereby exhibited a weak ShmC signal without light, indicat-
ing incomplete inactivation (Fig. le). This is in agreement
with the model that suggests no influence of 1 on the positions
of NOG, iron and the 5-methyl-group (Fig. 1¢). Quantification
of 5hmC by FCM confirmed this residual activity of
mTET2 S1203—1, but also revealed for mTET2 S1285—1
and S1812—1 high 5hmC formation (41 % and 55 % com-
pared to wt) and minimal background (Fig. 1f and SI Fig. 5;
see SI for analyses by mean ShmC signal of HA-positive
cells). We proceeded with mTET2 S1812—1, because of its
high activation (tunable by light-dosage, see SI Fig. 7), and the
ability to generate wt mTET2 without T—S mutation.

We next tested, if this caging strategy would be broadly appli-
cable also to human TETs. We expressed the human TET1, 2
and 3 catalytic domains (hereafter “hTETs”) with incorpora-
tion of 1 at positions corresponding to mTET2 S1812. FCM
analysis of HA/ShmC showed light-activation and minimal
background in all three cases, though hTET3 exhibited a com-
parably low intrinsic activity (Fig. 1g and SI).

Current studies of TET catalysis are restricted either to in vitro
measurements or to the expression of constitutively active
TETs. This prevents studying TET in vivo kinetics inde-
pendently from kinetics of upstream processes, such as ex-
pression, folding and posttranslational modification. Indeed,
non-caged wt hTET2 exhibits complex kinetics with a lagged,
nonlinear ShmC increase after transfection (Fig. 1h). In con-
trast, light-activation of hTET2 S1898—1 48 h after transfec-
tion and at a constant, saturated expression level shows strict
linear kinetics (Fig. 1h and SI Fig. 12).

With these tools in hand, we aimed to study the impact of can-
cer-associated TET2 mutations on in vivo catalysis. TET2 is
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one of the most frequently mutated genes in hematopoietic
malignancies,12 with >35% of mutations being missense muta-
tions with poorly understood roles, many scattered over the
catalytic domain.” This globular domain comprises two Cys-
rich subdomains (CysN/C) and a double-stranded [ helix
(DSBH) domain with a low-complexity (LC) insert (Fig. 2a).*
We selected a panel of frequent catalytic domain mutations
(Fig. 2a-b and SI Table 4), some with previous characteriza-
tion by traditional approaches. Activation and FCM analysis
of cells with the same HA levels 24 h later revealed a broad
range of ShmC levels (Fig. 2c and SI).
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Figure 2: Light-activation and in-cell kinetic studies of cancer-
associated hTET2 mutants. a) Features of hTET2 catalytic domain
with cancer-associated mutant positions. b) Crystal structure of
hTET2_ wt active site (4NM6°%). Analyzed positions shown in
blue, SmC and NOG in yellow. ¢) Analysis of ShmC formation by
hTET2 mutants. d) Kinetics of ShmC formation for selected
hTET2 mutants. K., obtained by linear regression. Unfilled
marker: control without light.

Mutations of H1881 and H1904 that directly interact with iron
or 5SmC completely abolished activity (Fig. 2b-c). This is in
agreement with traditional analyses, and shows that these mu-
tations directly affect TET catalysis also in vivo.*® Interesting-
ly, deactivation was also observed for the two uncharacterized
mutations Y1902S/H. Y1902 is stacking against the SmC py-
rimidine, and an exchange to A abolishes activity,36 whereas F
can partially rescue this function"' (Fig. 2¢). Our finding indi-
cates that the aromatic H is not able to play a similar role.
Next, the known mutations W1291R, P1367, E1879Q with
potential structural impact, and mutations R1896S/M likely
affecting o KG coordination showed varying activity losses,
similar to ones reported for constitutively active TET2 mutants
(Fig. 2c).36'37 Particularly interesting were the uncharacterized
mutations C1374Y and S1286C/P (at the active site bottom,
Fig. 2b). C1374Y abolished activity, which may be explained
by steric interference with aKG-binding. Instead, both muta-
tions of S1286 showed only a slight reduction in activity (Fig.
2¢). This residue builds a hydrogen bond network with T1372

and the SmC-stacking Y1902." For precise quantification, we
performed time-resolved experiments and calculated observa-
ble rate constants (K. Fig. 2d). The nonpolar, isosteric
S1286C mutation and the nonpolar, structurally deviating
S1286P mutation led to 1.7-fold and 2.9-fold reduced activity,
respectively. This supports the stabilizing function of S1286 in
respect to T1372/Y 1902, but also indicates a sensitivity of this
position to structural perturbation, independently of this func-
tion. Finally, we analyzed A1505T and P1617H, both located
in the LC insert. Both residues show markedly decreased ac-
tivity in vitro and when expressed in constitutively active form
in HEK293T cells.™ Surprisingly, we observed virtually unal-
tered ShmC levels for both mutants compared to wt hTET2
after 24 h (Fig. 2¢). However, time-resolved analysis revealed
slow initial rates with a rate-enhancement over time (Fig. 2d).
This has not been observed in previous analyses and could hint
at an additional layer of regulation, such as a positive feedback
via TET-induced upregulation of factors that facilitate target
recruitment or stimulate catalytic activity of TET.

ShmC is enriched at active chromatin such as enhancers and
promoters, and TETs are involved in transcription regulation
either independently of their catalytic function, or by deposi-
tion of oxidized SmCs and potential subsequent demethyla-
tion.” We aimed at monitoring the kinetics of transcription
activation triggered by hTET2 catalysis itself. We measured
mRNA levels of the TET2 target gene ARC” after light-
activation of hTET2 S1898—1 (Fig. 3a). Activation indeed
triggered mRNA upregulation by 3.5-fold after 24 h, with a
linear behavior (Fig. 3a-b).
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Figure 3: Light-activated target gene activation and transcriptome
reorganization by hTET2 in HEK293T cells. a) mRNA upregula-
tion of ARC by hTET2_S1898—1. Data from RT-qPCR normal-
ized to GAPDH housekeeping gene control. b) Time-resolved
induction of ARC. c¢) Gene expression patterns from mRNA-seq
4h and 8h after light-activation of hTET2_S1898—1. Above:
presence (green) or absence (magenta) of TET2 ChIP peaks in
Ref”’. Two groups of differentially expressed genes with distinct
expression patterns (duplicates, full image in SI Fig. 18) at a log2-
fold change >0.26 (20%) with respect to Oh and an adjusted p-
value of <0.001.

Finally, we studied early events following hTET2 activation
on a system-wide level by mRNA-seq 4h and 8h after light. In
accordance with a previous study in HEK293T, we did not
observe upregulation of genes involved in active demethyla-
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tion"? (full data in SI Fig. 15-18 and SI Tables 5-13). Howev-
er, a large number of genes showing upregulation had known
or suspected roles in transcription regulation (e.g. FUS,
CDCLS, ING3, ZC3H4, HEY1), RNA processing (e.g. CLK1,
SFPQ, DGCRS), N6-adenosine methylation (WTAP) or chro-
matin regulation (e.g. H2AC19, H3C14, CHD2, SRCAP,
KDMs, Fig. 3c and SI Fig. 18). Interestingly, 65 % of the
genes we found to be differentially regulated also showed
TET2 signals in or near their promoters in a previous TET2
ChIP-Seq analysis (Fig. 4c and SI)‘”

In conclusion, we report light-activation of individual TET
dioxygenases in vivo. Our strategy proves highly robust, with
successful application to diverse TETs and TET mutants.
Light activation enables kinetic studies of TET catalysis in
vivo, delivering insights into the functional impact of frequent
cancer mutations. We further demonstrate time-resolved moni-
toring of target gene activation and transcriptome reorganiza-
tion, and observe how TET2 dynamically regulates genes in-
volved in chromatin regulation as well as mRNA transcription
and processing. This sets a basis for dissecting the order and
kinetics of a broad range of chromatin-associated events trig-
gered by TET catalysis on the global and local level.
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