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Abstract

mPA methylation is the most abundant and reversible chemical modification on mRNA with
approximately one-fourth of eukaryotic mRNAs harboring at least one méA-modified base.
The recruitment of the mRNA m®A methyltransferase writer complex to phase-separated
nuclear speckles is likely to be crucial in its regulation; however, control over the activity of the
complex remains unclear. Supported by our observation that a core catalytic subunit of the
methyltransferase complex, METTL3, is endogenously colocalized within nuclear speckles as
well as in noncolocalized puncta, we tracked the components of the complex with a Cry2-
METTLS fusion construct to disentangle key domains and interactions necessary for the
phase separation of METTL3. METTLS3 is capable of self-interaction and likely provides the
multivalency to drive condensation. Condensates in cells necessarily contain myriad compo-
nents, each with partition coefficients that establish an entropic barrier that can regulate entry
into the condensate. In this regard, we found that, in contrast to the constitutive binding of
METTL14 to METTL3 in both the diffuse and the dense phase, WTAP only interacts with
METTLS3 in dense phase and thereby distinguishes METTL3/METTL14 single complexes in
the dilute phase from METTL3/METTL14 multicomponent condensates. Finally, control over
METTL3/METTL14 condensation is determined by its small molecule cofactor, S-adenosyl-
methionine (SAM), which regulates conformations of two gate loops, and some cancer-asso-
ciated mutations near gate loops can impair METTL3 condensation. Therefore, the link
between SAM binding and the control of writer complex phase state suggests that the regula-
tion of its phase state is a potentially critical facet of its functional regulation.

Introduction

m°A is the most abundant posttranscriptional modification on mRNA [1], which affects myr-
iad biological processes such as embryonic stem cell differentiation [2-4], brain development

[5], synaptic plasticity [6,7], hematopoiesis [8], and cancer [9,10]. mGA-speciﬁc proteins of the
YTH domain family (readers) bind modified RNAs to exert m°A-dependent regulation of
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target transcripts, affecting pre-mRNA splicing [11], translation initiation [12,13], stress gran-
ule localization [9], and RNA export, stability, and decay [12,14,15]. mRNA mP®A modification
is mediated by methyltransferase (writer) complex components, methyltransferase-like 3
(METTL3), methyltransferase-like 14 (METTL14), and Wilms tumor suppressor-1-associated
protein (WTAP) as characterized by multiple groups elucidating mechanistic insights based
on crystal structures and in vitro experiments [3,16-19]. METTL3 and METTL14 constitu-
tively interact to form a heterodimer via their methyltransferase domains (MTDs) thereby pro-
viding a binding site for RNA, the acceptor substrate [3,16-18,20]. On the other hand, the
donor substrate S-adenosylmethionine (SAM) can only bind METTL3 because the SAM bind-
ing pocket of METTL14 has degenerated [16-18]. Despite the indispensability of WTAP on
m°A modification [21], its interaction dynamics in the writer complex is relatively unexplored
compared to METTL3/14 complex.

Membraneless liquid compartments, such as stress granules and processing bodies in cytosol
[22] and nucleoli [23], Cajal bodies [24], and nuclear speckles [25] in nucleus have roles in
numerous cellular functions. Often, they are abundant in RNA and affect transcriptomic
changes [26,27]. For example, nuclear speckles are important RNA containing membraneless
organelles that function as sites for RNA splicing and RNA m®A methylation. Liquid-liquid
phase separation (LLPS) of these compartments selects biomolecules to become concentrated
presumably to implement their functions [28,29]. LLPS is often multiphasic with key molecules
selectively partitioning into different layers of individual droplets as seen in nuclear speckles
[30]. LLPS of biomolecules requires multivalent interactions, which are mediated by scaffold
proteins with tandem repeat binding sites for other partners [31] or proteins with intrinsically
disordered regions (IDRs, or low-complexity domains), often in concert with nucleic acids
[31,32]. Recently, these findings and studies have been facilitated by optogenetic tools that regu-
late protein clustering by light stimulation within the live-cell context. The use of optogenetic
tools, such as photolyase homology region of Arabidopsis thaliana Cry2, lowers the free energy
for LLPS of proteins predisposed to phase separate and endows precisely tunable switches for
biomolecular interactions that mediate LLPS [33,34]. Key biomolecular interactions are probed
rapidly and reliably by artificially linking full-length, as well as mutant and truncated proteins to
the Cry2 system and interrogating the system with light-induced clustering.

m°A-methylated mRNAs can be recognized by YTH domain containing family proteins
(YTHDF1I-3) and affected according to the cellular context [11,12,15,35]. Recent studies have
shown that the YTHDFs can undergo LLPS via their IDRs and the phase separation potential
can be further facilitated by multiple m®A modifications on RNA, suggesting an important
role of LLPS on cellular transcriptomic regulation by RNA modification [36-38]. The potential
role of LLPS in the mammalian m°®A writer complex, which has been proposed to interact with
nuclear speckles has not been explored. Here, we used immunocytochemistry (ICC) to show
that the endogenous writer complex colocalizes with a recognizable phase separated compart-
ment, nuclear speckles. With optogenetic and fluorescent lifetime imaging microscopy (FLIM)
tools, we demonstrate that cells can utilize LLPS to regulate dynamic assembly of mRNA m°A
methyltransferase complex (METTL3/METTL14/WTAP) with stoichiometries that depend on
condensate partitioning in a substrate binding-dependent manner.

Results
Compartmentation of endogenous METTL3 in the nucleus

In an effort to explore the role of LLPS in RNA methylation, we explored the association of
METTLS3, a catalytic subunit of the m®A methyltransferase complex, with nuclear speckles.
METTL3 is known to colocalize with nuclear speckle markers as bright punctate densities
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[20,21,39]. With higher resolution images, METTL3 shows a layered distribution relative the
nuclear speckle marker pSC35 (S1A Fig). We characterized the radial distribution of METTL3
around centroids of the nuclear speckle marker pSC35. A clear spike in the METTL3 distribu-
tion is seen around the periphery of the pSC35 signal (SIA Fig). This layered organization
within the nuclear speckle is consistent with other components of these organelles, specifically
spliceosomes, RNA introns, and scaffolding proteins [30]. METTL3 also labeled similar puncta
unassociated with nuclear speckles, but with patterns typical of phase separated entities. The
multiphasic behavior of METTL3 and its complex compartmentation prompted further exper-
iments into the molecular determinants of METTL3 phase separation.

METTL3 undergoes optogenetically inducible liquid-liquid phase
separation (LLPS)

Based upon the above observations and previous studies showing that many RNA binding pro-
teins (RBPs) undergo LLPS via multivalent interactions [33,40-42], we hypothesized that the
mRNA m°A methyltransferase complex undergoes regulated dynamic phase transition. The
core components of m°A mRNA methyltransferase complex are METTL3 and METTL14,
which are hypothesized to constitutively bind each other and form a heterodimer [3]. To test if
these core subunits are independently capable of LLPS, METTL3 and METTL14 were fused to
the photolyase homology region of A. thaliana Cry2, a light-activatable self-associating protein
and mCherry [33,43] (S1B Fig). In the absence of light activation, Cry2-mCh-METTL14
appears to undergo rapid degradation when expressed by itself but is readily detectable when
coexpressed with METTL3, suggesting that METTL3 can stabilize METTL14. Conversely,
Cry2-mCh-METTLS3 is readily detectable when expressed by itself (S1C Fig). Light activation
of the Cry2-mCh-METTLS3 full-length construct results in the formation of round METTL3
condensates within seconds of blue light exposure (Figs 1A and S1D). However, light activa-
tion of Cry2-mCh-METTL14 did not induce condensation (Fig 1A) even when stabilized by
coexpression of FLAG-METTL3 (S1E Fig), indicating that METTL3 but not METTL14 is
capable of light-inducible LLPS. Cry2-mCh-METTL3 condensates displayed liquid properties
as shown by fusion (Fig 1B) and fluorescence recovery after photobleaching (FRAP) assays
(Fig 1C). Endogenous METTL3 is stained in a punctate pattern, which is dissolved by 1,6-hex-
anediol treatment [44], indicating the LLPS nature of the structure (Fig 1D).

Nascent RNA is essential for METTL3 opto-condensate formation

As METTLS3 does not contain a large IDR (S1F Fig) found in some RBPs reported to undergo
LLPS [33,41], we sought to investigate the roles of the METTLS3 structural and functional
domains (Fig 1E) with regard to its LLPS behavior. Recent structural studies acted as a rational
design of our mutant METTL3 constructs [16-19]. Deleting the nuclear localization signal
(NLS) completely blocked condensate formation, indicating that nuclear environment is
required for LLPS of METTL3 (Fig 1F). We rationalized this observation by the fact that m°A
writer complex components, such as METTL14, WTAP, and nascent RNA, are largely missing
in the cytoplasm.

Interaction between METTL3 and METTL14 generates a positively charged groove where
mRNAs bind [18]. To test if METTL14 and/or the RNA binding ability of METTL3 is required
for the phase separation, we disrupted the METTL14 binding surface of Cry2-mCh-METTL3
by substituting either the whole (residues 462 to 479) or the core residues in the interface loop
of METTL3 with alanines (loop to 4A and W475A/N477A). These mutants failed to form con-
densates indicating that an intact RNA binding groove in the interface loop is necessary for
the phase separation of METTL3 (Fig 1G). We next asked if the existence of nascent mRNA

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001535 February 10, 2022 3/18


https://doi.org/10.1371/journal.pbio.3001535

PLOS BIOLOGY

LLPS of mRNA m®A writer complex

A E
METTL3
ss6411 se2479 so7-515
x GL1 1L GlL2
@ 1 u 2025 25 36 o5 e = . 50
C h e zF H oz MTD
METTL3 =i s NStoQgss0
£ ©PPW mott) (SAM binding)
£ G276 s G204 e ot G0 Gas a0
E
3 K] R295296/300301 Fate Fazn
(basichosiive) (Hycrophobi interacion)
|
:3 3
B el &3
Em ES
2 S g =
2 s S
2F Sl . Sy
Eg =
i
s
<
[
E_
Qo
5 g G Cry2-mCh-METTL3
g Loop {0 4A W475A/N477A J Cry2-mCh-METTLS

t (2 sec-interval)

_ Photobleached (60's)
- Bleached

2 8

= Nucleus

Fluorescent intensity (a.u)
3

- Background

9
E
5
=
£
o
£
@
=
§

D

2,5-hexanediol 1,6-hexanediol

K 05 04
Endo-METTL3 % oa {_ % - %
s . e _:[_ 8 034 -
# o 03 {_ I I fe +
£ 02 ¥ : E
@ g @ 0.1
a 01 _'I_ a B
% .
N RN SN
s & & & & & &
S & $ & o
& & @ &

Fig 1. LLPS of Cry2-mCherry-METTL3. (A) (Left) Representative confocal images of HEK293T expressing
Cry2-mCherry constructs before and after (blue dots) blue light (488 nm) stimulation. (Right) Demixing index at 300
seconds of blue light stimulation was quantified by CV across the nucleus. Gray area (0.09~0.11) is set as threshold of
condensate formation. See S1C Fig. Scale bar = 5 pm, Student ¢ test used to compare between samples ###, P < 0.001;
ns, nonsignificant. One-sample ¢ test used to compare demixing index above gray area to hypothetical threshold (0.11)
**#*, P < 0.001, error bars represent mean + SD (n = 7 for EV and METTL3 and n = 8 for METTL14). EV
(Cry2-mCherry); 3, Cry2-mCh-METTL3; and 14, Cry2-mCh-METTL14. (B) Two representative time series images of
Cry2-mCherry-METTL3 showing fusion events. White arrowheads track the fusion of 2 condensates. Time

interval = 2 seconds. Scale bar = 5 um. (C) Representative time series images from 3 independent FRAP experiments
using Cry2-mCh-METTL3 expressing HEK293T cells (top images) and quantitation of fluorescent intensity (bottom
plot). Arrowhead tracks bleached area. Fluorescent intensity was measured using Image]J software. Scale bar = 5 um.
(D) Representative images of endogenous METTL3 in HeLa cells treated with 5% 2,5- or 1,6-hexanediol for 5 minutes.
Scale bar = 20 um. (E) Schematic diagram of METTL3 domains. (F) Representative images showing localization and
protein distribution of Cry2-mCh-METTL3 ANLS before (left) and after (right, blue dot) blue light stimulation. Scale
bar = 10 um. (G) Light stimulation of METTL14 binding-deficient mutants of Cry2-mCh-METTL3. Blue dot indicates
light stimulation. Scale bar = 10 um. (H) Light-inducible condensate formation of Cry2-mCh-METTL3 (wild-type)
with Actinomycin D (2 ug/ml) or vehicle (DMSO). Blue dots indicate light stimulation. Scale bar = 10 pm. (I) Light
stimulation of Cry2-mCh-METTL3 ALH mutant. Blue dot indicates light stimulation. Scale bar = 10 pum. (J)
Representative images showing protein distribution of Cry2-mCh-METTL3 ZnF1/2 mutant after (blue dot) blue light
stimulation. Scale bar = 10 um. (K) Demixing index at 300 seconds of blue light stimulation was quantified with
mutant constructs (Fig 1F, 1G, 11, and 1], left) and wild type with/without Actinomycin D (Fig 1H, right). Gray area
(0.09~0.11) is set as threshold of condensate formation. One-sample ¢ test used to compare demixing index above gray
area to hypothetical threshold (0.11) **, P < 0.01; ***, P < 0.001, error bars represent mean + SD (n =9 for WT and
ANLS; n = 8 for C294A; n = 7 for W475A/N477A and ALH; n = 6 for loop to 4A, C326A, R300D/R301D, DMSO, and
Actinomycin D; and n = 5 for F316A/F321A). The underlying data for the graphs presented can be found in S1 Values
For Plots. a.u., arbitrary unit; CV, coefficient of variation; EV, empty vector; FRAP, fluorescence recovery after
photobleaching; GL, gate loop; IL, interface loop; LH, leader helix; LLPS, liquid-liquid phase separation; MTD,
methyltransferase domain; METTL3, methyltransferase-like 3; METTL14, methyltransferase-like 14; NLS, nuclear
localization signal; ZnF, zinc-finger motif.

https://doi.org/10.1371/journal.pbio.3001535.g001
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molecules is itself important. Because m®A modification on mRNA occurs cotranscriptionally
[45], cells were treated with actinomycin D for 4 hours to inhibit transcription and remove
nascent RNA in the nucleus. This resulted in a complete absence of METTL3 phase separation
(Fig 1H), indicating the necessity of a nascent acceptor substrate RNA. A previous report
showed that RNase treatment led to an exclusion of METTL3 from nuclear speckles, further
supporting our observations [21].

The leader helix (LH) and 2 type-CCCH Zinc finger (ZnF) domains, which are responsible
for WTAP binding and sequence specificity of RNA substrates, respectively [19,46], were dis-
pensable for LLPS revealed by LH deletion- (ALH), ZnF disrupting- (C294A for ZnF1, C326A
for ZnF2), charge reversal- (R300D/R301D), and aromatic ring-removing (F316A/F321A)
mutants (Figs 1T and 1] and S2A). Overall, the nucleus provides a favorable environment to
the LLPS of METTL3 by concentrating key components of the methyltransferase complex:
METTL14 and nascent RNA (Fig 1K).

METTLS3 self-interacts, providing multivalency for LLPS of mRNA m°A
methyltransferase complex

METTLS3 interacts with METTL14 and WTAP for efficient methyltransferase activity [16-
18,20]. To test if optogenetically inducible METTL3 condensates contain intact methyltrans-
ferase complexes, EGFP-fused METTL14 or WTAP were coexpressed with Cry2-mCh-
METTL3 (S1B Fig). Upon induction of METTL3 condensates with blue light, METTL14 and
WTAP are readily recruited into the condensates (Fig 2A). Cry2-METTL3 condensates also
contained RNA as shown by SYTO RNAselect live cell RNA staining (Fig 2B). This was not
Cry2 domain driven, as confirmed by light-inducible Cry2olig aggregates [34] that do not
colocalize with RNA (Fig 2B).

LLPS requires multivalent interactions [29,31]. A variety of RBPs that undergo LLPS harbor
IDRs that contribute multivalent interactions [32,33,41]. In METTL3, however, the only
potential IDR was the N-terminally located LH domain (S1F Fig), where WTAP binds [46].
However, METTL3 ALH still formed condensates without WTAP recruitment (Figs 11 and
S2A), indicating that METTL3 LLPS is not IDR driven. Although a single RNA molecule
could have multiple m®A modification sites [47], it is insufficient to explain multivalent inter-
action and LLPS because the valency of this system is only one, as the RNA would not have a
bridge for crosslinking (Fig 2C). To address this unanswered question, we hypothesized that
METTL3 builds homodimers that provide the necessary multivalency (Fig 2C). Indeed,
EGFP-METTL3 was also recruited into Cry2-METTL3 liquid condensates (Fig 2D). By co-
immunoprecipitation assay, we confirmed the interaction between differentially tagged
METTL3 recombinant proteins (Figs 2E and S3A). The interaction between METTL3 proteins
was not mediated by the interface loop/RNA binding via METTL14 interaction as shown by
recruitment of METTL3 W475A/N477A, which lacks LLPS ability when fused to Cry2, but
does condense with wild-type METTL3 (Fig 2F). Furthermore, METTL3 ALH condensates
also recruited EGFP-METTL3 (wild type), suggesting a WTAP-independent interaction (Fig
2G). These data demonstrate that the self-interacting ability of METTL3 provide the necessary
multivalency for LLPS of mRNA m°®A methyltransferase complex.

Phase-dependent dynamic assembly of mRNA m°A methyltransferase
complex
We next probed the interactions among the components of the m®A writer complex. Biomo-

lecular condensates allow a selective set of biomolecules across the phase boundary to assemble
multicomponent organelle capable of biological activities [29,32]. To measure the interactions
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Fig 2. Self-interaction of METTL3 provides multivalency for LLPS of the writer complex. (A) Representative images showing
localization of EGFP control, EGFP-METTL14 or EGFP-WTAP after Cry2-mCh-METTL3 condensates formation by light stimulation.
Scale bar = 10 um. (B) Colocalization of RNA (SYTO RNAselect live cell stain) and Cry2-mCh-METTL3 condensates. Cry2olig-mCh
(Addgene #60032) is used as light-inducible oligomerization control. Scale bar = 10 pm. (C) Hypothetical models of intermolecular
interactions mRNA m°A methyltransferase complex with (right) or without (left) self-interacting ability of METTL3. (D) Representative
images showing localization of EGFP-METTLS3 after Cry2-mCh-METTL3 condensates formation by light stimulation. (E) Co-
immunoprecipitation assay with HEK293T coexpressing HA-METTL3 and FLAG-tagged METTL3 (M3), METTL14 (M14), or WTAP
(WT). (F) Recruitment of METTLI14 binding-deficient mutant METTL3 into Cry2-mCh-METTL3 liquid condensates. Scale

bar = 10 pm. (G) Recruitment of METTL3 into Cyr2-mCh-METTL3 ALH mutant liquid condensates. Scale bar = 10 um. LLPS, liquid-
liquid phase separation; METTL3, methyltransferase-like 3; METTL14, methyltransferase-like 14; WTAP, Wilms tumor suppressor-1-
associated protein.

https://doi.org/10.1371/journal.pbio.3001535.9002

of the m®A writer complex components in condensates, we conducted fluorescent lifetime
imaging microscopy-Forster resonance energy transfer (FLIM-FRET) experiments. Limita-
tions related to photobleaching during live-cell imaging with intensity-based FRET measure-
ments prompted the use of an intensity-independent FRET measurement [48] because
fluorescent lifetime is an intrinsic property of the donor fluorophore, which is independent of
its concentration and, therefore, not affected by photobleaching. During FLIM-FRET, the fluo-
rescent lifetime of the donor fluorophore is monitored, and if FRET occurs, the measured life-
time undergoes a characteristic shift to lower values. In all experiments described below
Cry2-METTL3 (mCherry) acted as an acceptor for fusion proteins to EGFP. In accordance
with previous studies that showed constitutive interaction between METTL3 and METTL14
[16-18,20], when compared to EGFP only control, EGFP-METTL14 lifetimes were lowered
(i.e., higher FRET activity) in the bulk nucleoplasm (2.22 + 0.226 ns for EGFP versus

2.07 £ 0.058 ns for EGFP-METTLI14) (Fig 3A and 3B). After condensate formation, EGFP--
METTL14 lifetimes underwent a further drop (1.98 + 0.069 ns) indicative of closer contact
between the donor and acceptor fluorophores (Fig 3A and 3B). Consistent with the
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Fig 3. FLIM-FRET reveals the phase-dependent differential interactions of the m°A writer complex components.
(A) (Top) In vivo EGFP lifetime maps of EGFP control, EGFP-METTL3, EGFP-METTL14, and EGFP-WTAP. Scale
bar = 10 um. (Bottom) Color heatmap representing mean fluorescent lifetime values (ns) measured from nucleoplasm
without condensates (Nucleoplasm) or inside condensates (Condensates) of each EGFP-fused protein. (B) Histograms
showing fluorescent lifetime distribution (>300,000 photons) measured from nucleoplasm without condensates
(Nucleoplasm) or inside condensates (Condensates) of each EGFP-fused protein. # and vertical dashed line indicate
control EGFP lifetime in nucleoplasm without condensates. (C) Schematic diagram describing the intermolecular
distances and FRET activity based on observations. The underlying data for the graphs presented can be found in S1
Values For Plots. FLIM-FRET, fluorescent lifetime imaging microscopy-Forster resonance energy transfer; METTL3,
methyltransferase-like 3; METTL14, methyltransferase-like 14; WTAP, Wilms tumor suppressor-1-associated protein.

https://doi.org/10.1371/journal.pbio.3001535.9003

observation of METTL3 self-interaction (Fig 2D and 2E), EGFP-METTLS3 lifetimes were
shorter in condensates (2.03 + 0.066 ns) when compared to that in bulk nucleoplasm

(2.15 + 0.071 ns). Given that the Forster distance (RO, the distance between 2 fluorophores
leading to an energy transfer) between EGFP and mCherry is 5.24 £ 0.10 nm [49], this result
further supported direct interaction between METTL3 proteins. Interestingly, the well-charac-
terized METTL3-interacting protein WTAP [21,46] showed no FRET activity in the bulk
nucleoplasm (2.22 + 0.159 ns). However, upon condensate formation, FRET between
EGFP-WTAP and METTL3 (mCherry) was observed (2.01 + 0.095 ns for EGFP-WTAP)

(Fig 3A and 3B). Altogether, these data suggest a phase-dependent differential multicompo-
nent composition of mMRNA m°A methyltransferase complex (Fig 3C).
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Donor substrate-dependent conformations of 2 gate loops in the catalytic
site of METTL3 determine LLPS behavior

Given that only METTL3, but not METTL14, underwent LLPS, we next focused on their struc-
tural difference. In a mRNA m°A writer complex, SAM forms multiple hydrogen bonds with
adjacent amino acids in SAM binding pocket of METTL3, whereas the SAM binding pocket in
METTLI14 is degenerate [16-18]. To test if the donor substrate SAM is required for LLPS, we
introduced mutations at SAM binding pocket of Cry2-mCh-METTL3 (D395A, N549A/
Q550A). All mutants failed to form condensates while retaining interactions with both
METTL3 and METTL14 (Figs 4A and S4A and S4B). These data were highly suggestive that
SAM binding could be a crucial factor for phase transition. To exclude the possibility that con-
formational change caused by the mutation rather than SAM binding affected the LLPS behav-
ior, we removed SAM by treating cells with PF9366, a specific potent inhibitor of SAM
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Fig 4. Ligand binding states determine METTL3 phase transition. (A) Representative images (left) and quantitation (right)
representing demixing of Cry2-mCh-METTL3 D395A (catalytic motif, SAM binding pocket) or N549A/Q550A (SAM binding pocket)
mutants after (blue dot) blue light stimulation. Scale bar = 10 um. Gray area (0.09~0.11) is set as threshold of condensate formation.
One-sample t test used to compare demixing index above gray area to hypothetical threshold (0.11) ***, P < 0.001, error bars represent
mean + SD (n = 8 for D395A and n = 6 for WT and N549A/Q550A). (B) Representative images (left) and quantitation (right) of effect of
SAM depletion from the cells on light-inducible Cry2-mCh-METTL3 condensate formation. PF9366 is pretreated for 4 hours before
blue light stimulation. SAM is added 3 hours after PF9366 treatment in presence of PF9366. Scale bar = 10 um. Gray area (0.09~0.11) is
set as threshold of condesate formation. One-sample ¢ test used to compare demixing index above gray area to hypothetical threshold
(0.11) ***, P < 0.001, error bars represent mean + SD (n = 10). (C) Representative images (left) and quantitation (right) representing
demixing of endogenous METTL3 at 4 hours after PF9366 treatment. Scale bar = 20 um. Student ¢ test, ***, P < 0.001, error bars
represent mean + SD (n = 36 for DMSO, n = 34 for PF9366). (D) Representative images (left) and quantitation (right) representing
demixing of endogenous METTL3 at 15 minutes after SAM treatment. Scale bar = 20 um. One-way ANOVA, ***, P < 0.001, error bars
represent mean + SD (n = 15 for 0 mM, n = 18 for 4 mM, and n = 19 for 8 mM). (E) Schematic diagram describing 3 gate loops’
conformations depending on ligand bound states of SAM binding pocket in METTLS3. (F) Simplified SAM cycle and chemical
inhibitors, PF9366 and ADOX, which block SAM synthesis and SAH hydrolysis, respectively. (G) Effects of small molecule inhibition of
SAM cycle on light-inducible Cry2-mCh-METTL3 condensate formation. Scale bar = 10 pm. Gray area (0.09~0.11) is set as threshold of
condensate formation. One-sample ¢ test used to compare demixing index above gray area to hypothetical threshold (0.11) ***,

P < 0.001, error bars represent mean + SD (n = 8 for PF9366+ADOX, n = 9 for Untreat, and n = 10 for PF9366). (H) (Top) In vivo
EGFP lifetime map of EGFP-METTL3 (wild-type and SAM binding mutants) in HEK293T with light-inducible METTL3 condensates.
Scale bar = 10 um. (Bottom) Color heatmap representing mean fluorescent lifetime values (ns) measured from nucleoplasm without
condensates (Nucleoplasm) or inside condensates (Condensates) of each EGFP-fused protein. (I) Histograms showing fluorescent
lifetime distribution (>300,000 photons) measured from nucleoplasm without condensates (Nucleoplasm) or inside condensates
(Condensates) of each EGFP-fused protein. (J) Representative images (left) and quantitation (right) representing demixing of
Cry2-mCh-METTL3 cancer mutants after blue light stimulation. Scale bar = 5 pm. Gray area (0.09~0.11) is set as threshold of
condensate formation. One-sample t test used to compare demixing index above gray area to hypothetical threshold (0.11) ***,

P < 0.001, error bars represent mean + SD (n =9 for WT, n = 7 for R508H, n = 8 for R415C, and n = 10 for E516K). The underlying data
for the graphs presented can be found in S1 Values For Plots. METTL3, methyltransferase-like 3; SAH, S-adenosylhomocysteine; SAM,
S-adenosylmethionine.

https://doi.org/10.1371/journal.pbio.3001535.9004
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synthetase MAT2A (Fig 4F) [50]. Treatment with PF9366 for 4 hours completely prevented
Cry2-METTL3 from phase separating (Fig 4B), confirming the necessity of SAM for LLPS.
Supplying SAM into PF9366-treated cells rescued the blockage of condensate formation (Fig
4B), ruling out the possibility that the observation was due to a side effect of PF9366. Further-
more, the demixed state of endogenous METTL3 was affected by deprivation or addition of
SAM (Fig 4C and 4D). To our knowledge, this is the first demonstration of an endogenous
small molecule cofactor exerting control over LLPS behavior of its enzyme.

Wang and colleagues [17] suggested that the recognition of the adenosine substrate of
METTL3 might depend on the ligand binding states of the SAM binding pocket, which, in
turn, determines the conformational states of 2 gate loops: gate loop 1 (396 to 411) and gate
loop 2 (507 to 515) (Figs 1E and 4E). Gate loop 1 is flipped outwards in the SAM-bound state
compared to that in the S-adenosylhomocysteine (SAH)-bound or ligand-free states. Gate
loop 2 closes the binding pocket when the SAM or SAH is bound, and undergoes a conforma-
tional change in the ligand-free state (Fig 4E) [17]. This led to the hypothesis that the ligand-
binding states of SAM binding pocket in METTL3 could differentially affect the phase separa-
tion behavior of Cry2-METTLS3. Although the SAH hydrolase reaction is reversible and pres-
ents a thermodynamic equilibrium that favors SAH synthesis [51], whether the SAM-binding
pockets of overexpressed Cry2-METTL3 with PF9366 treatment are SAH-bound or ligand-
free states remains unclear. To test if SAH-bound state is capable of LLPS, we pharmaceutically
blocked SAH hydrolase activity with adenosine dialdehyde (ADOX) [52] (Fig 4F), causing an
accumulation of SAH and the dominant occupation of SAH in the SAM binding pocket
together with PF9366 treatment. ADOX/PF9366-treated cells still generated Cry2-METTL3
condensates (Fig 4G), indicating that the SAH-bound state of METTL3 is capable of phase
transition. Taken together, among the 3 possible ligand binding states of Cry2-METTL3,
SAM-bound (untreated or PF9366+SAM), SAH-bound (PF9366+ADOX), and ligand-free
(PF9366), only ligand-free state inhibited condensate formation. Finally, we examined EGFP-
fused SAM binding-deficient mutants (D395A and N549A/Q550A) in the presence of Cry2--
METTL3 (wild-type) condensates. Interestingly, while retaining the ability to incorporate into
condensates, these mutants showed dramatically reduced FRET activities (Fig 4H and 4I),
implying that perturbed SAM binding affected the molecular arrangement inside condensates.
These data collectively suggest the regulatory role of the ligand binding states on molecular
interactions of mMRNA m°A writer complex components and, thus, LLPS.

LLPS behavior of METTL3 cancer mutants

Finally, we searched for relatively frequent METTL3 mutations in various cancers using The
Cancer Genome Atlas (TCGA; https://www.cancer.gov/tcga). We picked a few mutations:
R508H (found in corpus uteri, uterus), R415C (colon and stomach), and E516K (bladder can-
cer) to test on our Cry2 LLPS system. Interestingly, R415C and E516K mutants failed to phase
separate upon Cry2 fusion and blue light illumination (Fig 4]). It is noteworthy that these
mutations are located near the gate loops (gate loop 1: 396 to 411 and gate loop 2: 507 to 515).
Although these observations are not direct evidence to relate LLPS ability to tumorigenesis, it
will be of interest to investigate the relationship between phase behavior and normal function
of METTL3, and the causative role of specific mutants on LLPS.

Discussion

Using endogenous staining, optogenetic and FLIM-FRET tools, the current study shows that
METTL3 undergoes phase separation in nuclei. Specifically, in an optogenetically inducible
system, METTL3 phase separates in a substrate-dependent manner to dynamically regulate
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the assembly of the METTL3/METTL14/WTAP writer complex. Phase separation of the cata-
lytic subunit METTLS3 is regulated by the functionally conserved SAM-binding pocket in
METTL3, which is degenerate in METTL14 [16-18]. Indeed, mutagenesis and chemical
approaches revealed that the ligand binding state of the SAM binding pocket determines
METTLS3 phase separation behavior (Fig 4). Based on the previous observation that METTL3/
METTL14 methyltransferase complex can form a dimer of dimer [20], we demonstrated the
self-interaction of METTL3 can act as a multivalent scaffold for LLPS (Fig 2D and 2E).

The core components of m®A mRNA methyltransferase complex, METTL3/14 and WTAP,
have been identified and characterized by multiple groups [3,20,21,39,53]. The mode of action
of the METTL3 and METTL14 heterodimer during catalysis is relatively well characterized
[16-18]. However, the interaction dynamics of WTAP with METTL3/METTL14 dimer
remained unclear. Zhao’s group reported that METTL3 and METTL14 forms a stable hetero-
dimer in a stoichiometry of 1:1 [3]. On the other hand, WTAP binds to the METTL3/14 het-
erodimer with much lower stoichiometry [20]. In this study, FLIM-FRET analysis
demonstrated that METT3 differentially interacts with METTL14 versus WTAP. METTL14
constitutively binds METTL3 in both the dilute and the dense phases, whereas WTAP only
shows FRET in METTL3 condensates (Fig 3A and 3B). The relative strengths of these multiple
interactions strongly suggests that they determine the partition coefficients of the condensates,
thus establishing an entropic barrier that can regulate entry into the condensate. Our observa-
tions might explain why only a certain proportion of WTAP molecules were bound to
METTL3/14 complex in the previous study [20]. Furthermore, given that WTAP can regulate
the localization of METTL3 and METTL14 to nuclear speckles [21], the phase-dependent
dynamic interaction of WTAP shown in Fig 4 (FLIM-FRET) could provide a mechanism by
which METTL3 enzymatic activity is regulated. Specifically, WTAP may be responsible for
regulating the proportions of endogenous METTL3 droplets that are colocalized versus dis-
tinct from nuclear speckles.

The association of m°A mRNA methyltransferase complex with nuclear speckles has been
well documented, but their relationship is more nuanced than previously reported. Specifi-
cally, METTL3 is layered within the nuclear speckle (S1A Fig), reminiscent of other compo-
nents within membraneless organelles [30,54]. Multiphasic droplet systems that share
interfaces but do not completely mix present an opportunity for subcompartmentalizing
related, but distinct enzymatic processes such as RNA methylation and RNA splicing.

METTLS3 phase separation occurred despite the lack of tandem repeat domain or large
IDRs that are frequently found in RBPs [31,33,41] undergoing LLPS (S1F Fig). Thus, nonca-
nonical determinants of LLPS may exist in METTL3 [31]. Mutagenesis and chemical
approaches showed that donor substrate binding states determine phase transition of its
enzyme complex (Fig 4A, 4B and 4G). Thus, in addition to the binding of nascent RNA as a
regulator of phase separation (Fig 1H), the small molecule SAM (or SAH) can also mediate
METTL3-driven multivalent interaction (Fig 4).

The phase separating properties of m®A-modified mRNA has been recently reported. m°A
reader proteins (YTHDF], 2, and 3) undergo LLPS that is enhanced by mRNAs with multiple
m°A residues, enabling selective shuttling of target mRNAs to P-bodies, stress granules, or
neuronal RNA granules [37,38]. More recently, Fu and colleagues reported that the m®A-bind-
ing YTHDF proteins promote stress granule formation by reducing the activation energy bar-
rier and critical size for stress granule formation [36]. In addition, LLPS of MTA (the plant
homolog of METTL3) was independently observed in a report published during the revision
of the current study [55]. The authors showed that Cry photoreceptors in A. thaliana directly
bind MTA and undergo light-driven LLPS to condense the m®A writer complex in vivo. This
report accords with our hypothesis that m°A writer proteins undergo LLPS to increase local
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concentration and enzyme activity. However, Cryl and Cry2 are absent in the mammalian
genome, raising a question: How is the condensation of the m°A writer complex induced with-
out photoreceptors? In the current study, we suggest another layer of LLPS regulation via sub-
strate binding that conformationally changes METTL3 to enable multivalent interactions.
Indeed, the concentration of SAM determined endogenous METTL3 condensation without
Cry2 (Fig 4C and 4D). Our data also showed the complete disruption of LLPS competency
with Cry2-METTL3 either by point mutations or by depletion of substrates, suggesting that
Cry2 may be necessary but not sufficient for light-activated LLPS in A. thaliana. In addition,
our fluorescence lifetime measurements show phase-dependent molecular arrangement in the
condensed m°A writer complex (Fig 3), adding another potential mechanism of activity regu-
lation. These observations collectively describe how cells utilize and control the composition,
integrity, and compartmentation of multiphasic condensates to selectively affect the
epitranscriptome.

Methods
Cell culture and chemical inhibitors

HEK293T was maintained in DMEM supplemented with 10% fetal bovine serum (FBS). Every
3 to 4 days, cells were trypsinized, diluted (1 to 5), and plated onto new dish to avoid high con-
fluency. For confocal imaging, cells were plated on a 96-well glass bottom plate (P96-1.5H-N,
Cellvis), which was precoated with poly-I-lysine (Sigma), and 150 ng per well of total plasmids
were transfected with Lipofectamine 2000 (Life Technologies, 11668027) following manufac-
turer’s recommended protocol. Actinomycin D (2 to 5 pg/ml, A1410, Sigma), PF9366 (5 to

20 uM, HY-107778, MedChemExpress), and/or ADOX (40 pM, S8608, Selleckchem) were pre-
treated for 4 hours before imaging. DMSO was used as vehicle control. SAM (S-Adenosyl-L-
methionine p-toluenesulfonate, NA04017, Carbosynth) were supplied to PF9366-pretreated
cells 1 hour before imaging (3 hours after PF9366 treatment), together with PF9366. p-Tolue-
nesulfonic acid monohydrate (Sigma) was used as vehicle control for SAM.

Plasmids

Plasmid Cry2-mCherry was prepared by reversing the E490G mutation in Cry2olig-mCherry
[34] (Addgene #60032) and used as a backbone for Cry2-mCh-METTL3 and Cry2-mCh-
METTL14 constructs. cDNAs of METTL3 and METTL14 were amplified from pcDNA3/
FLAG-METTL3 (Addgene #53739) and pcDNA3/FLAG-METTL14 (Addgene #53740) and C-
terminally inserted into linearized Cry2-mCherry using Gibson assembly. EGFP was N-termi-
nally inserted into pcDNA3/FLAG METTL3, METTL14 and WTAP (Addgene #53741) for
coexpression and FLIM experiments. Mutant constructs were generated by using Q5 Site-
Directed Mutagenesis Kit (E0554S, NEB) with following primers (uppercases indicate nucleic
acid substitution intended): ANLS forward, 5 - catgctgcctcagatgttgatc-3'; ANLS reverse, 5'-
ggctggctectttgetggtte-3'; Loop to 4A forward, 5'-GCCGCCaaggaacactgcttggttggtgt-3'; Loop to
4A reverse, 5'-GGCGGCatttgtcttcacccaaataat-3'; W475A/N477 A forward, 5'-ttgGCccatgg-
gaaggaacactgctt-3'; W475A/N477A reverse, 5'-GGCgtgacctgtacggectgtecga-3's ALH forward,
5'-ctacggaatccagaggcage-3'; ALH reverse, 5 -cttgtacagctcgtccatg-3'; C294A forward, 5'-
GCCcgcaagctgcacttcagacga-3'; C294A reverse, 5 -gggtcgatcagceatcactgg-3'; C326A forward, 5'-
GCcaagtatgttcactatgaaattgatge-3'; C326A reverse, 5'-ggtatccatgtggaaacatgtattaagga-3's R300D/
R301D forward, 5'- GACGA Cattatcaataaacacactgatgagtctttaggtga-3'; R300D/R301D reverse, 5'-
gaagtgcagcttgegacagg-3'; F316A/F321A forward, 5'-cttaatacatgtGCCeacatggatacctgcaagtatgt-3/,
F316A/F321A reverse, 5'-GGCagagcagtcacctaaagactcatcagtg-3'; D395A forward, 5'-gCccca
ccctgggatattcaca-3'; D395A reverse, 5 -agccatcacaactgcaaacttge-3's N549A/Q550A forward,
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5'-GCCctggatgggatccacctactaga-3'; N549A/Q550A reverse, 5’ -gGCtccaagggtgatccagttgggt-3';
R508H forward, 5'- gctgaggttcAttccaccagt-3's R508H reverse, 5 -tacgatcacatcacaatcc-3'; R415C
forward, 5'-tgatgagatgTgcaggctcaa-3'; R415C reverse, 5'-tctgtcagggtcccatag-3'; E516K forward,
5'-taaaccagatAaaatctatggcatgattg-3'; E516K reverse, 5'-tgactggtggaacgaacc-3'.

Immunocytochemistry

SH-SY5Y cells were passaged at 50,000 cells, and HeLa cells were passaged at 30,000 cells per
well onto a 96-well glass bottom plate. After 1 day, cells were fixed in 2.5% w/v paraformalde-
hyde for 10 minutes at room temperature. This was followed by 5 minutes in 100 mM glycine
to neutralize any unreacted paraformaldehyde. Next, cells were permeabilized with 0.25% Tri-
ton X-100 at room temperature for 10 minutes and washed 3x for 5 minutes each with PBS.
Cells were blocked for 1 hour at room temperature with 4% BSA, 1% NGS, and 0.25% Triton
X-100 in PBS. Primary antibodies against METTL3 (Abcam, ab195352) and pSC35 (Santa
Cruz Biotechnology, sc-53518) were incubated overnight at 4°C, followed by 3X PBS wash.
Finally, secondary antibodies and Hoescht were incubated for 1 hour at room temperature, fol-
lowed by 3X PBS washes. At this point, cells were imaged in PBS buffer. For the hexanediol
treatment, cells were pretreated with 1% Tween 20 in Dulbecco’s phosphate-buffered saline
(DPBS) for 10 minutes at room temperature, then washed twice with DPBS. Cells were then
treated with either 5% 2,5-hexanediol or 1,6-hexanediol for 5 minutes prior to fixation.

Radial distribution analysis

Images of METTL3 and pSC35 were analyzed using a combination of ilastik [56] and
MATLAB. For determining the centroids of nuclear speckles, pSC35 images were segmented
into individual condensates using ilastik, and the centroids for the resulting masks were calcu-
lated in MATLAB. The radial distributions of each nuclear speckle for the METTL3 and
pSC35 signals were calculated using a custom script. Final data were presented as the average
of standard error mean of 67 nuclear speckles across 5 cells.

Live-cell imaging

At 48 hours posttransfection incubation, cells were loaded into temperature- and CO2-con-
trolled live-cell imaging chamber of Leica SP8 confocal microscope. Cells were imaged typi-
cally by use of 2 laser wavelengths (488 nm for Cry2 activation and 560 nm for mCherry
imaging). Time series images for demixing index plots were taken every 2 seconds for at least
300 seconds with 488 nm illumination. FRAP assay was carried out by use of FRAP wizard in
LAS-X software. Designated regions (region of interests, (ROIs)) were photobleached with UV
for 60 seconds, followed by time series imaging to observe fluorescence recovery. Fluorescent
intensities from ROIs were measured with Image]J software (NIH). For live-cell DNA and
RNA staining, Hoechst 33342, Trihydrochloride, Trihydrate (ThermoFisher Scientific,
H3570), and SYTO RNASelect Green Fluorescent Cell Stain (ThermoFisher Scientific,
$32703) was treated for 20 minutes according to manufacturer’s protocol and washed 3 times
with complete media, followed by confocal imaging.

Fluorescent lifetime imaging microscopy (FLIM)

FLIM was recorded on a Leica SP8 confocal microscope equipped with a 63x glycerol immer-
sion objective. Confocal images from cells cotransfected with EGFP and mCherry pairs, fused
to proteins of interest, were taken after blue light illumination (30 seconds) to activate Cry2
oligomerization, followed immediately by FLIM recording. EGFP lifetimes were measured
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using pulsed white light laser (Leica; 80,000 MHz pulsing) with excitation at 488 nm. Emission
was collected with a Hybrid Detector and processed by a PicoHarp 300 Time-Corrected Single
Photon Counting (TCSPC) system (PicoQuant). Photons were collected from inside conden-
sates or nucleoplasm that lacks condensates to compare. At least 300,000 photons were
recorded for each measurement and analyzed. In a control line, containing only EGFP and
mCherry without fusion to any proteins, the lifetime of the donor (EGFP) was fit to a single
exponential decay curve. Subsequent data were fit to a double exponential decay in which the
higher, non-FRETing lifetime was treated as a constant as determined from the control experi-
ment with the second lifetime representing the FRET component of the decay curve.

Co-immunoprecipitation

For immunoprecipitations of tagged proteins, transfected HEK293T cells were lysed in immu-
noprecipitation lysis buffer (50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.5% Triton X-100, 1
mM EDTA) with cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail (Sigma). Immuno-
precipitation was carried out using Pierce Anti-DYKDDDDK Magnetic Agarose (Thermo-
Fisher Scientific, A36797) following the manufacturer’s protocol. Magnetic beads were washed
5 times with immunoprecipitation lysis buffer, and proteins were eluted with 2X Laemmli
Sample Buffer for 5 minutes at 95°C (Biorad, 1610737). Proteins were resolved by SDS-PAGE,
transferred onto nitrocellulose membrane, and subjected to immunoblotting using antibodies
against FLAG- or HA-tag. The membranes were stained with secondary antibodies Alexa
Flour 680-goat anti-mouse IgG (ThermoFisher Scientific) and Alexa Flour 790-goat anti-rab-
bit IgG (LI-COR) for 1 hour at room temperature. Protein bands were visualized with LI-COR
Odyssey Imaging System (LI-COR).

Statistical analysis

For condensate formation evaluation, we measured fluorescence intensity and standard devia-
tion of ROIs and calculated coefficient of variation (CV). The minimum CV value among the
time series images was subtracted from CVs at each time point to determine “demixing index”
for each observation (ROIs). Condensate-forming demixing threshold is set as 0.09 to 0.11 as
described in S1D Fig. To determine statistical significance of “condensate formation ability” of
each given experimental condition, demixing index above the threshold area was tested using
one-sample t test with the hypothetical value 0.11, the upper boundary of the threshold.
Demixing index below the threshold area was considered as diffused phase and not subjected
to statistical analysis. To compare demixing indices between samples (Fig 1A), we used Stu-
dent ¢ test.

Supporting information

S1 Fig. Cry2-mCh-METTL3 undergoes light-inducible LLPS. (A) Phase separation of
METTL3 and pSC35 in SH-SY5Y cells. (Left) Endogenous METTL3 (green) and the nuclear
speckle marker pSC35 (red) were stained using ICC. A layered and punctate distribution of
METTL3 was observed surrounding central pSC35 staining. (Right) After partitioning individ-
ual nuclear speckles, the centroids of each speckle were determined. The radial distribution
profiles for METTL3 and pSC35 were determined using a series of concentric circles. For
pSC35, most of the fluorescent intensity quickly dies off with increase radius. In contrast,
METTLS3 intensity peaks at around 0.4 uM before dying off at larger radii. Scale bar = 5 um.
(B) Schematics of constructs used in this study. (C) Expression levels of Cry2 fusion proteins
are represented by mCherry signal in HEK293T cells at 48 hours posttransfection of indicated
plasmids. Scale bars = 10 um. (D) Demixing index plot by normalized CV and threshold (0.9-
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1.1) for evaluating droplets formation. Time series confocal images were taken with HEK293T
cells expressing Cry2-mCh-METTL3 with blue light (488 nm) stimulation. Scale bar = 5 pm.
(E) Representative images (left) and quantitation (right) representing demixing of Cry2-mCh-
METTL3 or METTL14 that are cotransfected with FLAG-METTL3, after blue light stimula-
tion. Scale bar = 5 um. Gray area (0.09~0.11) is set as threshold of condensate formation. (F)
Predicted structural disorder probability by VSL2 algorithm (http://www.pondr.com). The
underlying data for the graphs presented can be found in S1 Values For Plots. CV, coefficient
of variation; ICC, immunocytochemistry; LLPS, liquid-liquid phase separation; METTL3,
methyltransferase-like 3; METTL14, methyltransferase-like 14; WTAP, Wilms tumor suppres-
sor-1-associated protein.

(TIFF)

$2 Fig. Cry2-mCh-METTL3 ALH forms liquid condensates that lack WTAP. (A) Represen-
tative images showing localization of EGFP control, EGFP-METTL14 or EGFP-WTAP after
Cry2-mCh-METTL3 ALH condensate formation by light stimulation. Scale bar = 5 pm.
METTL3, methyltransferase-like 3; METTL14, methyltransferase-like 14; WTAP, Wilms
tumor suppressor-1-associated protein.

(TIFF)

$3 Fig. Cry2-mCh-METTLS3 interaction with EGFP-METTL3/14. (A) Co-immunoprecipita-
tion assay with HEK293T coexpressing Cry2-mCh-METTL3 and EGFP-tagged METTL3 or
METTL14. IB, immunoblot; IP, immunoprecipitation; METTL3, methyltransferase-like 3;
METTL14, methyltransferase-like 14; WCL, whole cell lysate; WTAP, Wilms tumor suppres-
sor-1-associated protein.

(TIFF)

S4 Fig. SAM binding-deficient mutants retain the ability to interact with METTL3/14. (A)
Co-immunoprecipitation assay with HEK293T coexpressing Cry2-mCh-METTL3 and FLAG-
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