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Abstract

Flap endonuclease 1 (FEN1), a structure-specific endo- and exo- nuclease, exhibits multiple
functions that determine essential biological processes, such as cell proliferation and cell death. As
such, the enzyme must be precisely regulated in order to execute each of its functions with the
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right timing and in a specific subcellular location. Here, we report that FEN1 is methylated at
arginine residues, primarily at R192. The methylation suppresses FEN1 phosphorylation at S187.
The methylated form, but not the phosphorylated form of FEN1, strongly interacts with
Proliferating Cell Nuclear Antigen (PCNA), ensuring the on and off timing of its reaction.
Mutations of FEN1 disrupting arginine methylation and PCNA interaction result in unscheduled
phosphorylation and cause failure of its localization to DNA replication or repair foci. This
consequently leads to a defect in Okazaki fragment maturation, a delay of cell cycle progression,
impairment of DNA repair, and high frequency of genome-wide mutations.

Structure specific flap endonuclease 1 (FEN1) is a multi-functional enzyme participating in
DNA replication, DNA repair and apoptotic DNA fragmentation. Three mechanisms have
been proposed to regulate how FEN1 executes its functions in DNA replication versus DNA
repair 1: i) subcellular compartmentalization, ii) protein-protein interaction, and iii) post-
translational modifications (PTMs). FENL1 is localized to the nucleus during the S phase of
the cell cycle or in response to DNA damage 2,3. Recently, we demonstrated that FEN1
accumulates in the nucleoli and migrates to the nuclear plasma upon UV irradiation and
phosphorylation 4. In addition to its nuclear localization, FEN1 also resides in the
mitochondria and cooperates with DNA2 nuclease to process DNA intermediate structures
during mitochondrial DNA replication and repair °-'.

Protein-protein interaction plays a critical role in guiding FEN1 to regulate different
biochemical pathways 1,8. To date, FEN1 has been reported to interact with at least 30
proteins 1. We have recently mapped the amino acid residues interacting with these proteins
9. FENL1 forms distinct protein complexes for DNA replication and repair. By interacting
with PCNA, FENL1 is recruited to the replication foci for RNA primer removal and repair
sites for DNA base excision repair 10. PCNA also stimulates flap endonuclease and
exonuclease activities of FEN1 robustly for cleavage of RNA primers 811, Recently, the
FENZ1/PCNA interaction has been implicated in coordinating the sequential action of
polymerase 6 (Pol 8), FEN1, and DNA ligase 1 (Ligl) during Okazaki fragment maturation
1213 Disruption of FEN1/PCNA interaction impairs Okazaki fragment ligation2. On the
other hand, in response to stalled replication forks, the Werner syndrome protein (WRN)
forms a complex with FEN1 and activates its gap-dependent endonuclease activity to initiate
break-induced recombination 4. In addition to its roles in DNA replication and repair,
during the process of apoptosis, FEN1 interacts with Endo G nuclease to degrade genomic
DNA 15,

Posttranslational modifications (PTMs) are important in regulating the activity of FEN1.
The protein is acetylated at its C-terminus by p300 histone acetylase in cellular response to
UV irradiation 16. Cdk2/Cyclin E can phosphorylate FEN1 at Ser87 in late S phase of the
cell cycle 17. Phosphorylation results in dissociation of FEN1 from PCNA. In addition to
acetylation and phosphorylation, little is known about whether FEN1 undergoes other forms
of PTMs and what are the functional impacts of these PTMs. The discovery of protein
arginine methyltransferases (PRMTS) has lead to protein methylation coming out of the
shadow of other forms of PTMs 18-20, |n humans, PRMTSs represent a family of several
enzymes that utilize S-adenosyl methionine (SAM) as a methyl donor!®. PRMTs are
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classified into type I or type Il enzymes. Type | PRMTs (PRMT1, PRMT3, PRMT4, and
PRMT®6) produce asymmetrically di-methylated arginine (ADMA), whereas type Il PRMTs
(PRMTS5 and PRMT?7) catalyze the formation of symmetrically di-methylated arginine
(SDMA)!®, Arginine methylation has been shown to occur in proteins involved in signaling
transduction 21, DNA damage response 22-24 and DNA repair 25-28. The diversity of
reported substrates suggests that methylation may parallel other PTMs in levels of
complexity for functional regulation of specific proteins. However, the mechanisms by
which arginine methylation regulates protein functions remain largely unknown. Here, we
report the discovery of FEN1 methylation at arginine residues which suppresses the nearby
phosphorylation and facilities PCNA binding. We demonstrate that the cross-talk between
methylation and phosphorylation plays important roles in regulation of FEN1 functions in
DNA replication and repair.

FEN1 methylation at the cellular level

In cells, arginine methyltransferases catalyze methylation of substrate proteins using
methionine as a methyl donor2°. To address whether or not FEN1 protein can be methylated,
HeLa cells were subjected to methyl group donor L-[methyl-3H] methionine (3H-Met)

29 3H-labeled FEN1 was detected in the protein complex pulled down with an anti-FEN1
antibody (Fig. 1a). Pre-treating cells with Adox, which accumulates the levels of methyl-
acceptable proteins 30, caused an increase in 3H-labeled FEN1 (Fig. 1a). Since FEN1 has
been found in four different subcellular compartments i.e. the cytoplasm, mitochondria,
nucleus and nucleoli (Fig. 1b and Ref2 4 5) we determined the methylation status of FEN1
with regard to its subcellular localization. Although also localized in the nuclei, methylated
FEN1 was mainly detected in the cytoplasm.

We determined if FEN1 was indeed methylated at arginine and whether the modification
was mono- or di-methylation. Immunoprecipitated FEN1 from HeLa cells was recognized
by antibodies against mono-methylated arginine (MA) and symmetrical di-methyl arginine
(SDMA) but not asymmetrical di-methyl arginine (ASDMA) (Fig. 1c). This result was
confirmed by reciprocal immunoprecipitation using antibodies against SDMA and ASDMA,
and immunoblotting with an anti-FEN1 antibody (Fig. 1d). These data suggest that FEN1
indeed contains SDMAs.

SDMA is the product of type Il PRMTs, including two enzymes, PRMT5 and PRMT7.
Utilizing a co-immunoprecipitation assay with stringent washing conditions (900 mM NaCl
and 1% NP-40), we investigated whether FEN1 interacts with PRMT5 or PRMT7.
Considerable amounts of PRMTS5, but not PRMT7, were detected in the complex with FEN1
(Fig. 1e,f). The interaction between FEN1 and PRMT5 was confirmed by an in vitro pull-
down assay using purified recombinant FEN1 and PRMT5 (Fig. 1g). To demonstrate FEN1
is a substrate of PRMT5, an in vitro methylation assay was performed using S-adenosyl-I-
(methyl-14C) methionine (4C-SAM) as the methyl group donor and the crude extract of
HeLa cells as the enzyme resource. When PRMT5 was pre-depleted from the extract by
anti-PRMTS5 antibodies, methylation of FEN1 was reduced dramatically, compared with
untreated HelL a extract (Fig. 1h). Pre-depletion of PRMT?7 did not affect FEN1 methylation
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under the same assay conditions, suggesting the specificity of PRMT5 in methylating FEN1.
The ability of PRMT5 to methylate FEN1 was further confirmed by an in vitro methylation
reaction where the purified recombinant FEN1 was incubated with PRMT5 recombinant
protein (Fig. 1i). Quantification of the methylation efficiency revealed that more than 88%
of FEN1 molecules were methylated in an overnight reaction in the presence of a 20-fold
molar excess of 14 C-SAM and PRMTS5, assuming that only one methylation reaction occurs
in each FEN1 molecule.

Identification and validation of methylation sites

FENL protein contains 22 arginine residues. To identify which arginine residue is
methylated, FEN1 was in vitro methylated by PRMT5 and subjected to ESI-LC-MS/MS
analysis. GIuC digestion lead to the detection of Arg19, Arg100, Arg104 and Arg192 as
methylation sites (Fig. 2a and Supplementary Fig.1). A series of FEN1 mutants were made,
each carrying a single mutation at R19, R100, R104 or R192, or combined mutations i.e.
3RK (R19K/R100K/R104K) or 4RK(Arg19K/Argl00K/Arg104K/Arg192K). When
assessed for methylation by PRMT5, single mutation at any of these four residues resulted in
defects in methylation (Fig. 2b). Mutation at R192 showed the greatest reduction in FEN1
methylation levels, compared to the remaining residues individually or in combination
(3RK), suggesting that R192 is the major FEN1 methylation site (Fig. 2b). As expected,
quadruple mutant 4RK displayed a similar degree of reduction of arginine methylation by
PRMTS5 as the R192 mutant (Fig. 2b,c). To demonstrate that these arginine residues are the
main methylation sites in vivo, a c-myc tagged FEN1 4RK mutant was expressed in HeLa
cells. Consistent with in vitro methylation data, the methylation of c-myc tagged FEN1 4RK
was dramatically reduced at the cellular level, compared to the wild type (WT) control (Fig.
2d).

Methylation of FEN1 inhibits its phosphorylation

To investigate the functional role of arginine methylation of FEN1, we tested whether such
PTMs had any impact on substrate binding, flap nuclease activity or the ability to interact
with PCNA. No obvious effects were observed relative to FEN1 binding to DNA substrate,
flap nuclease activity or the ability to interact with PCNA in vitro (Supplementary Fig. 2).
We therefore considered an indirect effect via interplay with other PTMs, by examining
sequential methylation and phosphorylation with purified recombinant FEN1 (Fig. 3a). Non-
methylated FEN1 was readily phosphorylated by Cdk2/Cyclin E, but methylated FEN1 was
resistant to phosphorylation (Fig. 3a). We excluded the possibility that PRMTS5 inactivates
Cdk2/Cyclin E by incubating histones with Cdk2/Cyclin E in the absence or presence of
PRMT5, which showed no significant effects of PRMT5 on Cdk2/Cyclin E activity
(Supplementary Fig. 3). In contrast to the findings that methylation of FEN1 inhibits its
phosphorylation, FEN1 phosphorylation did not affect its methylation (Supplementary Fig.
4). To demonstrate that methylation prohibits FEN1 phosphorylation in vivo, R19, R100,
R104 or R192 residues were replaced with phenylalanine to mimic arginine methylation for
transfection into HeLa cells 31,32, R192F and 4RF but none of the other methylation-
mimicking mutants suppressed FEN1 phosphorylation in vitro (Fig. 3b), supporting the idea
that R192 methylation suppresses FEN1 protein phosphorylation.
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PRMT5 methylation of FENL1, resulting in the suppression of FEN1 phosphorylation, was
further validated in vivo using siRNA to knock down PRMT5. Reduction of PRMTS5 protein
level resulted in a clear decrease in arginine-methylated FEN1 and a concomitant increase in
phosphorylated FEN1 (Fig. 3c). When methylation-mimicking mutant R192F or
methylation-deficient mutant R192K was expressed in HeL a cells, R192F failed to be
phosphorylated, whereas R192K was hyper-phosphorylated at both G1 and S cell cycle
phases (Fig. 3d). Taken together, our data suggest that R192 methylation of FEN1
suppresses its phosphorylation.

Methylation of FEN1 facilitates its interaction with PCNA

Phosphorylation of FEN1 has been shown to abolish its PCNA interaction 17. FEN1 does
not bind to PCNA upon phosphorylation in vitro (Fig. 4a). By methylation, FEN1 becomes
resistant to phosphorylation and keeps its affinity for PCNA (Fig. 4a). At the cellular level,
methylation-mimic mutation R192F or non-methylated FEN1 displayed similar affinity with
PCNA (Fig. 4a and Supplementary Fig. 2). While phospho-mimic mutant S187D failed to
interact with PCNA, FEN1 methylation could not restore the PCNA binding of S187D
(Supplementary Fig. 5). On the other hand, methylation-mimic mutant R192F, which could
not be phosphorylated by Cdk2/Cyclin E, strongly interacted with PCNA. Similar to the
S187A mutant, R192F FEN1 constitutively bound to PCNA (Fig. 4b). In contrast,
methylation-defective mutant R192K was readily phosphorylated and failed to bind to
PCNA (Fig. 4b). 4RK FENL1 is non-methylated but highly phosphorylated in the cell S
phase. The interaction between FEN1 and PCNA was also interrupted (Fig. 4b). These data
suggested that arginine methylation preserves the FEN1 interaction with PCNA by
inhibiting FEN1 phosphorylation.

At the S phase of the cell cycle, FENL1 is recruited to DNA replication loci via interaction
with PCNA. Disruption of the FEN1/PCNA interaction impairs such localization 12, If
methylation is important for FEN1 to remain under-phosphorylated and, therefore, interact
with PCNA, failure in methylation should lead to a defect in localization of FEN1 to the
replication foci. WT FEN1 co-localized with PCNA and BrdU positive signal, a marker of
DNA replication foci, while phospho-mimic mutant S187D failed to form discrete foci with
PCNA and BrdU (Fig.4c,d). The methylation-defective mutant R192K was unable to
localize to the foci, but methylation mimic mutant R192F co-localized with PCNA and
BrdU (Fig. 4c,d). Similar to R192K, the 4RK FEN1 mutant failed to co-localize to the
replication site. These data suggested that FEN1 methylation and phosphorylation were
important for regulation of its subnuclear localization and that methylation and
phosphorylation are at two opposite sides of an equilibrium regulating FEN1 localization to
replication foci.

FEN1 methylation enhances DNA replication and repair

As described above, 4RK mutant FEN1 is non-methylated, highly phosphorylated, does not
interact with PCNA and fails to localize to DNA replication foci (Fig. 5a,b), which is
important for Okazaki fragment maturation2. Okazaki fragment maturation assay was
performed using a dNTP mixture containing radio-labeled dCTP and a model substrate
containing RNA-DNA flap mimicking the Okazaki fragment maturation intermediate. The
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assay simulates the sequential reactions of gap filling, RNA primer removal and DNA
ligation during the process of Okazaki fragment maturation. When the assay was performed
in vitro, the nuclear extracts of 4RK transfected cells showed a clear decrease in the
efficiency to remove RNA primer flaps and were defective in DNA ligation (Fig. 5¢). As a
result, the un-ligated product was accumulated in 4RK cells (Fig. 5¢). To exclude the
possibility that the 80 nt product observed in Figure 5c¢ resulted from the synthesis to the end
of the 80 nt template by strand displacement, we performed ligation assay, in which the
DNA-RNA flap was labeled at the 3’-end and the assay was similar to what was done in
Figure 5c¢, except for the use of a cold dNTP mixture (Fig. 5d). As a result, the 80 nt would
only be able to be observed if the extended upstream primer was ligated with the 5’-phospho
group-containing downstream labeled oligonucleotides. The 5’-phospho group would result
from the removal of RNA-DNA flap. If DNA synthesis utilized upstream oligos as a primer,
and without ligation, the product would not be visible on the gel. The observed 80 nt product
on Figure 5d indicates the involvement of ligation in this reaction.

Previous reports have indicated that defects in the Okazaki fragment maturation process
during DNA replication or ligation during DNA repair could lead to accumulation of DNA
double strand breaks33,34. Therefore, 4RK cells are expected to display a higher level of
DNA damage. To verify this, WT and 4RK cells were cultured to determine the levels of the
phosphorylated form of H2AX histone variant (yH2AX), an early marker of the cellular
response to DNA breaks. In the absence of any exogenous source of DNA damage, basal
levels of phosphorylated yH2AX in 4RK cells were higher than that in WT (Fig. 5e),
indicating the accumulation of DNA double strand breaks due to 4RK expression. The lower
efficiency of Okazaki fragment maturation and the higher DNA damage may affect DNA
replication of 4RK cells. We evaluated the DNA replication rate in WT and 4RK cells using
a 3H-thymidine incorporation assay. The data show that 3H-thymidine incorporation in 4RK
cells was approximately 50% of that in WT cells (Fig. 5f).

Cell cycle progression was measured to demonstrate that inability of FEN1 methylation is
sufficient to cause spontaneous DNA damage and cell cycle arrest. Our data showed that
4RK cells have a slower cell cycle progression rate than WT cells (Supplementary Fig. 6a).
When cells were arrested at G1/S border by double thymidine treatment 3° and released for
20 h, WT cells progressed from the first G1 phase to the next G1 phase, while 4RK cells
were distributed in G2/M phase (Supplementary Fig. 6a). It took more than 30 h for 4ARK
cells to finish one cell cycle. In addition to the slow cell cycle progression, the majority of
4RK cells were arrested at the prophase of mitosis, while WT cells were evenly distributed
in pro-, meta-, and ana- phase of mitosis (Supplementary Fig. 6b,c). 4ARK FEN1 mutant cells
also displayed a low overall proliferation rate (Supplementary Fig. 6d). These data suggest
that defects in Okazaki fragment maturation in the S-phase result in prophase mitotic arrest
in 4RK cells.

Previous studies indicate that protein arginine methyltransferases are involved in cellular
responses to oxidative stresses38. We determined whether oxidants alter FEN1 methylation
status. Indeed, methylation of FEN1 was induced by H,O5 in HelLa cells (Fig. 6a). HoO»
also facilitated the translocation of FEN1 from the cytoplasm to the nucleus where DNA
damage occurs (Fig. 6b). These data suggest a possible role of FEN1 methylation in DNA
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repair. Long-patch base excision repair (LP-BER) was measured using a 40 nt DNA
substrate containing an abasic tetrahydrofuran (THF) residue, an analogue of LP-BER
substrate, and radio-labeled dCTP in a dNTP mixture (Fig. 6¢). Again, successful repair
would require three sequential steps: (1) polymerization and displacement of THF-contained
oligonucleotide to form a flap; (2) flap removal and (3) ligation of up- and down-stream
oligos. We found both WT and 4RK cell nuclear extracts could generate ligation products of
the expected size (40 nt). However, the rate of ligation of 4RK nuclear extracts was
approximately 70% lower than WT (Fig. 6c¢). To confirm that ligase activity was indeed
involved in this reaction, we employed an alternative assay using a substrate with 3’-end
label on the THF-containing oligo and with a nick at the 5’ to the THF site (Fig 6d). The 40
nt product shown in Fig. 6d was only possible when THF was removed, the gap was filled
and upstream and downstream oligos were ligated. Our observation that 4RK caused
defective LP-BER led us to propose that cells expressing the 4RK variant would be sensitive
to DNA base damaging agents. To test this, 4RK and WT HeLa cells were treated with
H,0, at various concentrations for determining the survival rate (Fig.6e). Consistent with
the biochemical data, 4RK cells were more sensitive to H,O, treatment (Fig. 6e). The HPRT
assay also demonstrated that 4RK cells displayed an approximate 32-fold greater
spontaneous mutation rate than that of the WT HeLa cells (Fig. 6f and Supplementary Table
1).

Discussion

Here we report that methylation serves as a primary event intersecting with other regulatory
circuitry, such as protein-protein interactions and subcellular localization. We identified
arginine methylation as a novel PTM of FEN1 and demonstrated its roles in regulation of
FENL activities in relationship to DNA replication and repair. FEN1 can be methylated in
vitro and in vivo with R192 as the major methylation site. Methylation of FEN1 at R192
precludes its phosphorylation at S187, ensuring its interaction with PCNA and hence
recruitment to the DNA replication or repair foci. Methylation-defective mutants display
impaired DNA replication and repair efficiency, resulting in accumulation of spontaneous
double strand DNA breaks, retarded cell cycle and higher sensitivity to DNA damage
agents. Our data provide strong evidence for the regulation of DNA replication and repair by
methylation events that indirectly control other posttranslational events, in this case
phosphorylation.

Methylation at the arginine residue serves as a mechanism for functional regulation of non-
histone proteins. To date, approximately 130 non-histone proteins have been reported
containing methylated arginine (Supplementary Table 2). Several proteins involved in DNA
replication and repair have been examined for arginine-methylation as a switch for “loss-of-
function” or “gain-of-function” 37,38, Among these are Mre11, 53BP1 and Polp
2223 27 28 39 |n the case of Polp, there are two methylation events at two different arginine
residues mediated by PRMT6 and PRMT1. PRMT1-derived methylation enhance
polymerase activity due to exaggerated DNA binding and processivity2°. It is worth noting
that methylation of R137 of Polp by PRMT1 impairs its interaction with PCNA 28, This is
contrary to FEN1, in which methylation prevents phosphorylation but ensures PCNA
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binding. This opposite effect leads to the postulation that methylation may allow Polf and
FENL1 to sequentially access PCNA and the DNA substrate during LP-BER.

It has long been accepted that the dynamic interaction between FEN1 and PCNA is critical
for faithful and efficient DNA flap removal during Okazaki fragment maturation and LP-
BER12,40, Our findings suggest a molecular model to describe how FEN1 binds to and
dissociates from PCNA, thus dynamically accessing and departing from DNA substrates
(Fig. 6g). In early S phase, FEN1 methylation at the R192 residue prevents FEN1
phosphorylation at the S187 residue and ensures the FEN1/PCNA interaction, which allows
the nuclease to replace the polymerase (Pold or PolB) and access flap DNA substrates. When
flap cleavage is done and FEN1 is de-methylated, possibly by an unknown demethylase. The
non-methylated FEN1 is then phosphorylated by the Cdk/cyclin complex, forcing FEN1 to
dissociate from PCNA and the DNA substrate. This step is critical in that it avoids constant
binding of FEN1 to PCNA and DNA substrates and blocking Ligase | action. Supporting
this model, we observed a decrease in methylated FEN1 (Supplementary Fig. 7) and an
increase in phosphorylated FEN1 in later S phase (Fig.3d and Supplementary Fig.7). The
phenomenon of dynamic methylation and demethylation has also been reported in the
estrogen receptor a (ERa), in which the methylation level increases significantly after 5 min
of exposure to estrogen 2 (E2), then decreases rapidly at 15 min, but with little change
observed in overall protein levels 1. Although these data suggest the existence of enzymes
that reverse arginine methylation, it is unclear how the methyl groups in FEN1, ERa, and
other proteins are removed. Several studies have described the process of de-amination 42,43,
by which the methyl group from an arginine is removed, converting monomethylated
arginine into citrulline. Recently, JMJD6 has been reported to remove methyl groups from
methylated arginine residues of histones, however it has not been determined whether its
activity is limited to histones or it is also able to demethylate nonhistone proteins 44. The
mechanism by which Fenl is demethylated remains to be investigated.

Posttranslational modifications may play a critical role in the specificity and timing of
FEN1-protein interaction. In addition to methylation and phosphorylation, acetylation has
been reported in FEN1 protein. The physiological significance of FEN1 acetylation is not
yet understood. Unlike phosphorylation, acetylation did not affect FEN1/PCNA interaction.
16 Whether there is a cross-talk between acetylation and phosphorylation or methylation
remains to be addressed. To date, FEN1 has been reported to interact with more than 30
proteins that can be categorized into at least five different pathways?. One may postulate that
posttranslational modifications play a role in switching FEN1 between different pathways by
controlling its interaction with specific partner proteins under a particular condition.
Mapping modifications sites of FEN1 enables the study of cross-talk among different forms
of posttranslational modification and of their physiological consequences in cell life or
death.

Our findings have demonstrated the biological significance of the methylation-mediated
dynamics of the FEN1/PCNA interaction. Deficiency in FEN1 methylation, due to
mutations such as R192K and 4RK, increases the potential for it to be constitutively
phosphorylated, leading to a failure to interact with PCNA. As a consequence, mutant cells
expressing 4RK have defects in DNA replication, DNA repair and a high incidence of
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spontaneous mutations. These observations are consistent with those observed in a mouse
model in which point mutations F343A/F344A (FFAA mutation) were used to disrupt
FEN1/PCNA interaction, resulting in defects in DNA replication and LP-BER12, FFAA
mutant cells have an aberrant cell cycle progression and display chromosomal instabilities.
Heterozygous mice for the FFAA mutation develop a wide spectrum of cancer. These
studies illustrate the potential prevalent consequences of impaired FEN1 arginine
methylation in cancer etiology. The imbalance in PRMT activity has been implicated in
many diseases, including cancer4® 46, It is also worth noting that a single nucleotide
polymorphisms (SNPs) has been identified on arginine 192 of FEN1 (R192Q, rs4989586) in
the human population®”. Study of this polymorphism might be helpful to link the genetic
variation and protein arginine methylation with the population susceptibility to certain types
of cancers.

The following antibodies were used: anti-FEN1 and anti-PCNA (GeneTex), anti-yH2AX
and anti-mono methyl arginine (Abcam), anti-PhosSer, anti-asymmetric dimethyl-arginine
and anti-symmetric dimethyl-arginine antibodies (Millipore), anti-Myc (sc-33) (Santa Cruz
Biotechnologies), anti-PRMT5 (IMG 505) and anti-PRMT7 (IMG 512A) (Imgenex), anti-
phosphor-Histone H3 (S10) and anti-a/p tubulin (Cell Signaling Technology), and anti-
BrdU (Becton Dickinson).

In vitro methylation assay

Purified recombinant proteins were incubated (1 h, 30°C, cold methylation) with 1 pg of
recombinant PRMTS5 in 30 ul of methylation buffer (50 mM HEPES (pH 8.0), 0.01% (v/v)
Nonidet P-40, 10 mM NaCl, 1 mM DTT, and 1 mM PMSF) supplemented with 2 pl of S-
adenosyl-I-(methyl-3H or methyl-14C) methionine (3H-SAM or 14C-SAM, Amersham
Biosciences; radioactive methylation) and 20 nmol of S-adenosyl-I-methionine sulfate p-
toluenesulfonate (SAMe-PTS, Sigma, St. Louis, MO). Reactions were stopped either by
addition of 2x SDS-PAGE sample buffer, followed by heating (5 min, 95°C) or by addition
of 100 mM NaCl and incubation (10 min, 4 °C). Samples were analyzed by SDS-PAGE
followed by autoradiography or liquid scintillation assay.

In vitro kinase assays

In vitro phosphorylation assays were performed with 100 ng of purified Cdk-Cyclin
complexes to a final volume of 18 pl, containing 40 mM HEPES-NaOH (pH 7.5), 8 mM
MgCl,, 33.3 mm ATP, 10 mCi of [y-32P]ATP (3000 Ci/mmol; GE Health) and substrates to
be tested. Reactions were stopped after 45 min (30°C) by adding SDS sample buffer.
Samples were analyzed by SDS-PAGE followed by autoradiography or liquid scintillation
assay.

DNA replication efficiency assay

DNA replication efficiency of cells was measured by 3H incorporation assay“8. Briefly, 5 x
10 cells were seeded onto a 6-cm dish in DMEM for 12 h. 3H-thymidine was added to a
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final concentration of 1 uCi/ml. Cells were incubated in 3H-thymidine containing DMEM
medium for a specific time period and washed with ice-cold PBS buffer. DNA was
precipitated by treating cells with 10% ice-cold trichloroacetic acid and 10 mM thymidine
(15 min, 4 °C). After extensive washes with PBS buffer, DNA was solubilized in 0.5 M
NaOH. Radioactivity levels in the sample were measured using a liquid scintillation counter.

Okazaki fragment maturation assay and LP-BER assay using cell extract

Gap filling, RNA/DNA primer removal, and DNA ligation reactions were assayed with
gapped substrates, following a modified version of published protocols®,12. Briefly, cell
extracts were incubated with specific gapped substrates in a reaction buffer containing 5 uCi
[a-32P]dCTP and 50 uM each of dATP, dGTP, dTTP and ATP. Reactions were carried out
(60 min, 37°C) and products were separated on a 15% denaturing PAGE, followed by
autoradiography. LP-BER reconstitution was performed using a protocol similar to the
Okazaki fragment maturation assay, but with a Tetrahydrofuran-containing substrate8 49,

H>05 sensitivity assay

Sensitivity to DNA damage reagent H,O, was determined by cell growth inhibition assay.
HeLa cells were seeded (1,500/well), incubated (overnight, 37°C), treated (1 h, 37°C) with
multiple dilutions of H,O,, washed in a fresh medium (DMEM containing 10% fetal bovine
serum), and incubated (72 h) under normal growth conditions (37°C, 5% CO,). The humber
of viable cells was determined by the CellTiter 96 AQueous one-solution cell proliferation
assay (Promega). At least four replications for each clone were averaged. Data are expressed
as the percentage of growth relative to untreated controls.

Hprt mutation frequency assay

The spontaneous Hprt mutation frequency was detected as previously described®?. HeLa
cells (1 x 10%, WT or 4RK) were plated (10-cm plates) and incubated (1 d). The medium
was then changed to HAT (Hypoxanthine Aminopterin Thymidine) for 24 h and HT
(Hypoxanthine and Thymidine) medium for another 48 h to remove pre-existing Hprt cells
in the cell population. Cells were subcultured every 3 days, for 20 days, and density
maintained at 108 cells. Cells (200 per plate) were then seeded on five plates for 10 days to
count the relative cloning frequency. After cell attachment (18-24 h), the medium was
replaced with fresh medium containing 5 pg/ml 6-thioguanine (6-TG). Cells were
maintained in 6-TG-containing medium for 10 days. The plates were then washed with PBS,
fixed and stained with 1% methylene blue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. In vivo and in vitro methylation of FEN1 by PRMT5
(a) Invivo methylation of FEN1. HeLa cells were metabolically labeled as described in

Methods. The gel was loaded with 1% of the whole-cell lysate (Input) or the
immunoprecipitate obtained with a FEN1-specific antibody (IP) (see Supplementary
Methods for details). (b) Subcellular distribution of methylated FEN1. C: cytoplasm; M:
mitochondria; N: nucleus; NO: nucleoli. (c) Immunoprecipitate from HelLa cell extract by
FEN1-specific antibody was detected using arginine methylation specific antibodies. (d)
Immunoprecipitate from HeLa cell extract by symmetrical and asymmetrical di-methylated
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arginine antibody was detected by using FEN1 antibody. (e-f) FEN1 interacts with PRMT5
in HelLa cell extract. Immunoprecipitate from HelLa cell extract by FEN1-specific antibody
was detected using (€) PRMT5 or (f) PRMT7 antibodies. (g) PRMTS5 interacts with FEN1 in
vitro. PRMT5 or BSA was coated on CNBr-Sepharose beads then incubated with purified
FENL1. Beads-bound FEN1 was detected by Western Blotting. (h) In vitro methylation assay
by using HeLa cell extract as the enzyme resource. HeL a cell extract (with or without pre-
depletion by anti-PRMT5 antibody) was incubated with His-tagged FEN1 and S-adenosyl-I-
(methyl-14C) methionine (14C-SAM). His-tagged FEN1 was then purified by Ni-NTA
beads, followed by SDS-PAGE and autoradiography. (i) In vitro methylation by PRMT5.
Proteins were resolved by SDS-PAGE, stained with Coomassie blue (top panel), dried, and
analyzed by autofluorography (bottom panel). For the full image, see Supplementary Figure
8.

Nat Chem Biol. Author manuscript; available in PMC 2011 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Guo et al.

Page 16

a
yions 1514 13 12 11 10
180-M D C L[T[F rGrSJ—PJ_VJ_LJ_MJ_R |_H L TAS E198
8 9 1011 b ions
Y]
100 >
»
o b10 _,
g 30 N o N
e g 8 o054
2 > =% AL
T 20 b8 8 Yy N o R
4 2 o PN y13 SN
© b11 © o
o N ©w « o4
104 4 8 b7 y14 i
N o
y15
y6 b6
600 800 1000 1200 1400 1600
m/z
b C
Coomaslsle A i W N S —FEN{ PRMT5 + + +
ue FEN1 - WT 4RK
225 Histone T N -
Z15 o — PRMT5
= re
5) I - FEN1
TO05 @
) ®©
: -
E X X X X v ¢ 3
22835k x O e — Histone
¥ © © =
¥ ¥ x
d .
WT  4RK £
o S —_— — 4 C-MeFEN1
g s —MeFEN1 2
Q &
3 i)
.. — o}
o “ FENI T — — 14 C-MeHistone

Figure 2. Identification and validation of FEN1 methylation sites
(a) Mass spectrometry profile of FEN1. The sequence of FEN1 covering residue 180-198 is

shown. Analysis by LC-MS/MS revealed the presence of a modified
MDCLTFGSPVLMRHLTAS peptide containing methylated Arg 192. The mass
spectrometry profiles used to identify the other three methylation sites, R19, R100, R104 are
shown in Supplementary Figure 1. (b) Loss of the methylation sites individually or in
combination results in failure of the PRMT5 methylation of FEN1. FEN1 proteins (WT and
mutants) were in vitro methylated using 3H-SAM as the methyl donor, separated on SDS-
PAGE, and stained by Coomassie blue (top panel). FEN1 bands were cut off for liquid
scintillation assay (bottom panel). (c) In vitro methylation of the wild-type and mutant FEN1
by PRMTS5, using 14C-SAM as the methyl donor. Proteins were resolved using SDS-PAGE
gel, stained with Coomassie blue (top panel), and analyzed by autoradiography (bottom
panel). (d) C-myc tagged WT or FEN1 mutants harboring mutations at the methylation sites
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of four arginine residues in combination were transfected into HeLa cells.
Immunoprecipitate of HeLa cell lysate by anti-C-myc antibody was immunodetected by a-
MA antibody. The total loading amount was examined by anti-FEN1 antibody. For the full
image, see Supplementary Figure 8.
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Figure 3. Methylation of FEN1 at R192 inhibitsits phosphorylation at S187
(a) Invitro sequential methylation and phosphorylation assays. FEN1 was in vitro

methylated with unlabeled SAM, followed by phosphorylation with Cdk2/Cyclin E and 32P-
ATP. Reaction products were analyzed by SDS-PAGE (lower panel) and autoradiography
(upper panel). (b) Methylation-mimicking mutations (arginine to phenylalanine) inhibit
FEN1 phosphorylation. In vitro phosphorylation was performed using 32P-ATP. Labeled
FENL1 proteins were separated on SDS-PAGE (upper panel). The protein bands were cut off
from the gel for liquid scintillation quantification (middle panel). Autoradiography of
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labeled FENL1 proteins separated on a second SDS-PAGE (bottom panel). (c) Knockdown of
PRMTS5 in Hela cells decreases FEN1 methylation while enhancing FEN1 phosphorylation.
HeLa cells transfected either with control siRNA or siPRMT5 were lysed then
immunoprecipitated with anti-FEN1 antibodies, followed by immunoblotting with anti-
PhosSer or anti-SDMA antibodies. Whole-cell extracts were analyzed with anti-FEN1 and
anti-PRMTS5 antibodies. Semi-quantification of phosphorylated or methylated FEN1 is
shown (right). (d) R192F blocks FEN1 phosphorylation in cells. HeLa cells with exogenous
expression of WT or mutant FEN1 were lysed, followed by immunoprecipitation with anti-
c-myc antibody. Immunoprecipitate was detected by anti-FEN1 and anti-PhosSer antibodies.
For the full image, see Supplementary Figure 9.
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Figure4. Methylation of FEN1 ensuresitsinteraction with PCNA via suppression of its
phosphorylation
(a) Methylated FENL is resistant to phosphorylation and forms a complex with PCNA.

Methylated or non-methylated FEN1 were incubated with Cdk2/Cyclin E followed by pull-
down with PCNA-beads. Bound proteins were analyzed by anti-FEN1 or anti-PCNA
antibodies. (b) In vitro phosphorylation and PCNA binding assay of WT and FEN1 mutants.
WT or mutant FEN1 proteins, with or without phosphorylation, were subjected to PCNA
beads. Phosphorylation of FEN1 was analyzed by autoradiography and the pulled-down
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proteins were immunodetected by anti-FEN1 and anti-PCNA antibodies. (c) Co-localization
of FEN-1 and PCNA in S-phase cells. Cells were fixed and co-stained with anti-FEN-1 and
anti-PCNA antibodies. (d) Co-localization of FEN-1 and BrdU in cells in S phase. Cells
were labeled (1 h) with BrdU, followed by fixation and co-staining with anti-FEN-1 and
anti-BrdU antibodies. Scale bars, 10 um. For the full image, see Supplementary Figure 10.
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Figure5. Methylation defect retards Okazaki fragment maturation, DNA replication and
induces DNA damage
(a) Detection and quantification of exogenous FEN1 (Cymc-tagged) in stable cell lines. (b)

Cmyc-FEN1 was immunoprecipitated from HeLa cell extracts, followed by detection with
indicated antibodies. (c and d) Okazaki fragment maturation assay. A gap substrate with a
20 nt RNA-DNA flap (with or without a label at the 3’end, top) was incubated with
indicated amounts of cell lysates, followed by autoradiography (middle panel) and
quantification (bottom). Panel (c) and (d) are similar except unlabeled substrate and
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[a-32P]dCTP were used in (c) while 3/-end labeled substrate and cold dCTP were used in
(d). (e) Double strand DNA breaks (DSBs) were detected with immunoassays using an
antibody against YH2AX. Nuclei were stained with DAPI. Pink spots were scored as
positive nuclei with DNA strand breaks (left panel). Right panel, quantification of yH2AX
positive stained nuclei. Scale bar, 40 pm. (f) Thymidine incorporation assay. For full image,
see Supplementary Figure 11.
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Figure 6. Methylation of FEN1 isinduced by HoO5 and important for DNA repair
H»0, treatment induces FEN1 methylation (a) and drives FENL1 to the nucleus from the

cytoplasm (b). (c-d) LP-BER assay using cell extracts. Tetrahydrofuran-containing
substrates (THF, top panel, circle), were incubated with indicated amounts of cell extract,
followed by autoradiography (middle panel) and quantification (bottom panel). Unlabeled
substrate and hot dCTP were used in (c) while nicked substrate with 3’-end label on the
TFH-containing oligo and cold dNTP mixture were used in (d). (€) 4RK cells are sensitive
to HyO5 stress. Hela cells (WT or 4RK) were treated (1 h) at indicated concentrations and
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cellular sensitivity was determined by growth inhibition experiments; mean + s.d., n=4. (f)
Spontaneous mutation frequency was evaluated with an Hprt mutant assay. (g) Model for
FEN1 dynamic interaction with PCNA and DNA substrates regulated by FEN1 methylation
and phosphorylation. Upon formation of flap structure in Okazaki fragment mutation or LP-
BER, methylated FENL1 is recruited to the replication fork by interacting with PCNA,
following the dissociation of Pol 6/p. Methylation of FEN1 ensures its interaction with and
stimulation by PCNA to remove the flap structure. After DNA flap cleavage, FEN1
undergoes de-methylation and subsequent phosphorylation by cell cycle-dependent kinases,
leading to disruption of the FEN1/PCNA interaction and dissociation of the nuclease from
DNA substrates. Lig I is then recruited by interaction with PCNA and seals the nicks
between two DNA fragments. For the full image, see Supplementary Figure 12.
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