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ABSTRACT: The FTO protein is unequivocally reported
to play a critical role in human obesity and in the
regulation of cellular levels of m®A modification, which
makes FTO a significant and worthy subject of study.
Here, we identified that fluorescein derivatives can
selectively inhibit FTO demethylation, and the mecha-
nisms behind these activities were elucidated after we
determined the X-ray crystal structures of FTO/
fluorescein and FTO/S-aminofluorescein. Furthermore,
these inhibitors can also be applied to the direct labeling
and enrichment of FTO protein combined with photo-
affinity labeling assay.

s a prevalent post-transcriptional modification in mRNA for

higher eukaryotes," m°A (N-methyladenosine) was found
to be enriched primarily near stop codons and in 3'UTRs.” The
recent discoveries of a m°A methyltransferase tricomplex
(METTL3—METTL14—WTAP)® and two demethylases
(FTO and ALKBHS)" revealed new insights into the dynamic
regulation of m®A methylation on gene expression. Together with
the m¢A-binding protein (YTHDF2 and YTHDF1) ° researchers
have found that perturbation of the activities of these enzymes
may result in the disturbance of the translation status and RNA
metabolism, which further highlights the fundamental physio-
logical roles of m°A in biology and diseases.”

Initially, the fat mass and obesity-associated (FTO) protein was
known to be involved in human obesity and energy homeostasis.”
As amember of the AIkB dioxygenase family, FTO was identified
to be the first RNA demethylase that catalyzes the demethylation
of m°A in an Fe (II)- and 2-oxoglutarate-dependent manner.””"?
Later, m°A demethylation was also found to be linked to
adipogenesis through FTO-dependent m°A demethylation."'
Recently, some studies aiming at exploiting small molecules as
functional probes for studying FTO have been reported.'” These
small molecules exhibit good inhibitory activities on m°A
demethylation in vitro and in vivo. Among them meclofenamic
acid (MA) was identified as a highly selective inhibitor of FTO,"*
and dihydroxyfuran sulfonamides were demonstrated with
anticonvulsant activity other than inhibiting FTO demethyla-
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tion.'”* However, to our knowledge, no compounds equipped

with the ability to simultaneously selectively inhibit and label
FTO have been developed to date.

Inspired by the previous work,'** we tried to screen potent
FTO inhibitors from many fluorescent molecules having
structures similar to MA. To our delight, we surprisingly found
that fluorescein and some of its derivatives could be utilized as
bifunctional molecules for selectively inhibiting FTO demethy-
lation and directly labeling FTO protein at the same time.

Recently, activity-based protein profiling (ABPP) has been
widely implemented to monitor enzyme activity directly in native
biological systems through designing active-site-directed covalent
probes to specifically perturb target enzymes.'” A few photo-
reactive groups are employed in ABPP to covalently label
interacting proteins, such as aryl azides, diazirines, and
benzophenones.'* Here, through introducing a diazirine group
to fluorescein derivatives, we can further provide a platform for
the downstream biochemical analyses of FTO, such as in situ FTO
labeling within the native cellular environment and FTO
enrichment for subsequent proteome-wide identification.

We initially designed and synthesized 11 fluorescein
derivatives, which were named as FL1—11. The preliminary
inhibition evaluation of these compounds was performed via a
LC-MS assay (Figure S1) and the robust restriction endonuclease
digestion assay (Figures S2a and S2c). Our results revealed that
100 uM of compounds FL1—8 could completely abolish the
demethylation of FTO in vitro, while FL9—11 displayed poor or
no inhibitory activity under the same condition. Moreover, these
fluorescein analogues were shown to be inactive against ALKBHS
demethylation even at 100 M (Figure S2b), which demonstrated
that FL1—8 displayed high selectivity toward FTO over ALKBHS
in vitro.

To further investigate the structure—activity relationships of
these inhibitors, we precisely validated their FTO inhibitory
activities through ICs, values measurement using a LC-MS based
assay (Figures 1b and S3). The results revealed that all eight
fluorescein analogues showed good inhibitory activities toward
FTO, with ICs values between 1.0 and 7.0 uM. In addition, the
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Figure 1. Fluorescein derivatives as potent inhibitors against FTO
demethylation. (a) Scheme of demethylation of m®A to A by FTO, which
can be selectively inhibited by fluorescein derivatives. (b) ICy, values of
FL1-8 against FTO demethylation. (c) The cellular levels of m®A in
mRNA were increased when the HeLa cells were treated with 50 uM FL6
or FL8. *P < 0.01. Error bar, mean + SEM, n = 3.

amide derivatives of S-aminofluorescein presented equal or even
higher inhibitory activities compared with S-aminofluorescein,
which offers a new perspective for further structural optimization.

Among these inhibitors, FL6 and FL8 were chosen to modulate
the level of m®A in the mRNA of living cells because of their better
cell permeability. First, a MTT assay was performed to find that
>95% of the cells remained viable after treatment with 20—150
UM FL6 and FL8 (Figure S4). Using DMSO-treated HeLa cells as
control, we could observe a significant increase in the level of mlA
modification in mRNA for the cells that were treated with 50 uM
FL6 or FL8. These results revealed that these two fluorescein
derivatives could efficiently inhibit FT O demethylation inside live
cells (Figure 1c).

Next, in order to investigate the inhibition mechanism of these
fluorescein analogs, differential scanning fluorometry'> was first
carried out (Table S1). We observed that the presence of 80-fold
compounds FL1-8 could significantly increase the melting
temperature (T,,) of the FTO protein, which revealed that these
inhibitors could directly bind to FT O in vitro. In contrast, FL9—11
minimally altered the T, values of the FTO protein, which is
consistent with their poor inhibitory activities against FTO in
vitro.

In addition, we also performed aggregation tests in order to rule
out the possibility of these fluorescent analogues 1nh1b1t1ng FTO
protein through aggregate-based mechanism.'® Although we
observed a slight decrease in ICs, values of FL2 and FL4 against
FTO demethylation after preincubation, the results of both
dynamic light scattering and detergent-based assay confirmed
that these fluorescein derivatives did not act as promiscuous
inhibitors (Figure SS and Tables S2—S4). Then by increasing the
concentrations of ferrous ion or 2-oxoglutarate (2-OG), we found
that even the presence of 2 mM ferrous ion or 2-OG had little
impact on the inhibitory activity of fluorescein, which thus
excludes the possibility of fluorescein acting as a ferrous ion
chelator or mimicking 2-OG to inhibit FTO demethylation
(Figure S6).

In order to gain insight into the inhibitory mode of action from
the atomic level, we determined the X-ray crystal structures of
FTO/fluoresceins complexes. The structures were solved by
molecular replacement and refined to a resolution of 2.15 A for
FTO/FL4 and 2.45 A for FTO/FL]1, respectively (Figure S7 and
Table S5). The atomic coordinates and structure factors have
been deposited in the RCSB Protein Data Bank under accession
ID code 4ZS3 (FTO/FL1) and 4ZS2 (FTO/FL4). In the
structural complexes, we observed that the esters were hydrolyzed
to carboxyl acids'” (Figure 2a,d), which form hydrogen bonding
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Figure 2. Structural complexes of inhibitors bound to the FTO protein.
(a) The 2Fo — Fc map contoured to 1.0 sigma confirms that FL1 indeed
binds to FTO. The FTO protein is depicted as a cartoon and colored in
green, the inhibitor FL1 is depicted in stick and colored in cyan, and the
map is colored in orange. (b) Interaction networks between the FTO
protein and FL1 in the active site pocket. The environmental residues
involved in the interactions are shown as sticks. Dark dotted lines indicate
the hydrogen bonds. (c) Surface view showing the vacancy to hold
inhibitor FL1. (d) The mlFol — DIFcl map was calculated with the
PHENIX program suite after removing the inhibitor from the complex
model and subsequent simulated annealing. The OMIT map density
contoured to 3.0 sigma is colored in magenta. (e) Close view of the
interaction between FTO and FL4 in the binding pocket. (f) Surface
potential view of the pocket in FTO for binding to FL4.

with Ser 229 (Figure 2b,e). The phenyl ring is surrounded by the
side chains of adjacent residues Val83, Ile8S, Leu90, Pro93, and
Leul09, providing extensive hydrophobic interactions to stabilize
the inhibitor binding (Figures 2b,e and S$9a). This hydrophobic
nucleotide recognition lid (NRL) motif contributes to the highly
selective inhibition of FTO over ALKBHS by fluorescein (Figure
$2b)." In addition, it is applied to explain why compounds FL9—
11 failed to inhibit FTO (Figure S1). The bulky substituent on
either the 5- or 6-position of the phenyl ring would severely hinder
the binding to FTO (Figures 2 and S9). Overall, quite similar to
MA for FTO-binding (Figure S8a), fluorescein inhibitors partially
occupy the nucleotide binding site (Figure S8b) and do not
disturb the cofactor 2-OG or metal ion binding to FTO (Figure
S8c). Therefore, these fluorescein inhibitors are not acting as an
adenine mimetic or stacking with active site residues which are
involved in nucleotide recognition. It is worthy to note that the S-
amino group in FL1 forms an extra hydrogen bonding with the
backbone carbonyl of Leu 91 (Figure 2b). Generally, the
additional interaction would contribute to an enhanced binding.
However, this hydrophilic amino substituent is close to the
hydrophobic NRL motif (Figure S9b,c), which appears to be less
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favorable for the FTO/FLI interaction, explaining why FLI
displays weaker inhibitory activity than FL4 (Figure 1b).

Furthermore, these two structures clearly reveal that the 4-
position in the phenyl ring of fluorescein is fully exposed to the
solvent. Therefore, we anticipate that a proper substituent on this
site would minimally disturb the binding to FTO. Thus, we
synthesized 4-aminofluorescein (FL12) and found a slight, but
not statistically significant, decrease in its ICs, value (4.37 uM)
compared with that of S-aminofluorescein (FL1) (Figure S18 and
Table S6). In summary, this investigation of the structure—
activity relationships showed good agreement between the
observed activity of the inhibitors and the structural feature of
FTO/FL interactions.

Due to the fluorescence properties of these inhibitors,'” they
were further designed for the labeling of FTO. Considering that
the photoafhinity labeling was successfully demonstrated by the
capture of the binding proteins in a distance-dependent manner,
particularly under native cellular conditions,” we introduced
diazirine into FL2 as a photoreactive group for the purpose of
FTO labeling and enrichment (Figure 3a).
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Figure 3. Selective labeling of FTO using probe FL2-DZ. (a) Scheme of
the photoaffinity labeling of FTO demethylase by FL2-DZ under UV
irradiation. (b) Selective labeling of FTO over other human AlkB
enzymes. (c) In situ labeling of the FTO in HeLa cells or siRNA FTO
HeLa cells with the FL2-DZ probe (20 uM).

The inhibitory activity of FL2-DZ was first measured, and
minor change in its IC, value (4.49 uM) was observed compared
with FL2 due to the small size of a diazirine substitution (Figure
$10). Nonspecific cross-linking between BSA and FL2-DZ can be
remarkably suppressed with increasing salt concentrations and
completely disappeared under 0.4 M PBS and 0.5 M NaCl
(Figures S11 and S12). The selective photoaffinity labeling of
FTO by FL2-DZ was further confirmed by comparison with other
AIkB enzymes. A mixture of FTO and ALKBHS was treated with
FL2-DZ under the conditions described above, followed by UV
irradiation (1 = 365 nm, 20 min) and SDS-PAGE analysis. As

shown in Figure 3b, no labeling band corresponding to ALKBHS
was observed. The same results were also obtained with two other
human AlkB demethylases, ALKBH2 and ALKBH3>"** (Figure
3b). This extraordinary selectivity of FL2-DZ for FTO
demonstrates its prospective application in the identification of
FTO in living cells.

Because of its excellent cell permeability and biochemical
activities, the FL2-DZ probe was added to the medium of HeLa
cells to demonstrate its bioimaging capacity for the labeling of
endogenous FTO demethylase in situ. After being covalently
cross-linked to its targeted proteins by UV irradiation, we
observed strong green fluorescence throughout the nucleus,
which was well colocalized with the red signals obtained from the
immunofluorescence (IF) results using anti-FTO (Figure 3¢).
We then transfected the HeLa cells with FTO siRNA to silence
the fto gene (Figure S13a), and a significant decrease in the green
signals was observed, which is consistent with the red signals
corresponding to the IF results (Figure 3c). As expected, HeLa
cells with stable overexpression of wide-type FTO showed a
notable increase in both green fluorescence and red signals
(Figures S13b and S15). The tracking of FTO using the FL2-DZ
probe was further demonstrated in living cells that were exposed
to oxidative stress, heat shock, or knockdown of METTL3
(Figures S14 and S16).

Lastly, by using a small terminal alkyne as the reporter, we
further applied this specific FL1-DZ-alkyne probe to the
identification of cellular FTO by pull-down and Western blotting
through the click chemistry with biotin-Nj; (Figure 4a). The newly
designed FL1-DZ-alkyne probe was first detected for its biological
activities through ICs, measurements (Figure 4b). Next, the
selectivity and sensitivity of the probe were further verified
through the enrichment of low-abundance FTO in the diluted
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Figure 4. Affinity labeling and enrichment of FTO in cell lysates using
FL1-DZ-alkynyl probe. (a) Scheme of the pull-down of FTO by using
FL1-DZ-alkynyl. (b) The inhibition curves of FL1-DZ-alkynyl against
FTO demethylation. Error bar, mean + SEM, n = 3. (c) In-gel
fluorescence scanning of the proteins enriched by FL1-DZ-alkynyl from
HeLa cells and stable cell lines that overexpress FTO; the protein was
further verified through Western blotting (bottom).
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HeLa cell lysates (Figure S17b). Then, the FL1-DZ-alkyne probe
was successfully applied to the identification of the cellular FTO in
cell lysates. For comparison, we performed the labeling of both
endogenous FTO in HeLa cells and recombinant FTO
overexpressed in stable cell lines. The captured proteins were
enriched by strepavidin-agarose beads and separated by SDS-
PAGE. The in-gel fluorescence scanning showed a clear labeled
protein band for both cell lysates that matches the expected
molecular weight of FTO (Figure 4c, the upper gel), which was
further identified through Western blotting (Figure 4c, the
bottom gel).

In summary, we have explored fluorescein and its derivatives as
bifunctional molecules for selectively inhibiting FTO demethy-
lation and specifically photoaffinity labeling of FTO. We also
provide molecular insights to elucidate the structure—activity
relationships of these fluorescent inhibitors through crystallog-
raphy and pave the way for the structural optimization of FTO
demethylation inhibitors. Besides, this strategy realized the
downstream biochemical analysis of FTO, such as visualization
of the FTO protein in living cells and FTO enrichment. We
anticipate that this potential useful tool can facilitate the study of
the roles of FTO in m°A-mediated epigenetic processes. Finally, it
is worthy to note that when fluorescein and some of its derivatives
are applied to imaging studies to investigate some cellular
biochemistry, their potent ability to inhibit FTO demethylation
should also be taken into account.
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