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Abstract of the Thesis

Designing Principles for Epigenetic Fluorescence Resonance Energy Transfer Biosensors

by

Ya Gong

Master of Science in Bioengineering

University of California San Diego, 2018

Professor Yingxiao Wang, Chair

Histone proteins in chromatin undergo various modifications that have profound impacts
on many cellular processes, including cell cycle control, cancer, senescence, X-inactivation, cell
fate decisions, and stem cell differentiation. These histone marks do not occur isolated, but often
occur mutually exclusive or concurrently. Despite the extensive research ongoing, a large part of
the regulation of histone marks remained elusive due to the lack of powerful and efficient methods.

Here, we present a method of constructing an epigenetic fluorescence energy resonance transfer
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(FRET) biosensor by tuning variables including the linker length and orientations between the
fluorescent proteins in the case of a H3K27me3 FRET biosensor. It reveals that shortening the
linker connecting the fluorescent protein pairs and binding partners could indeed increase the
FRET change between the bound and unbound states in the biosensor. This key concept can be
generally applied to optimize various different FRET biosensors, especially histone epigenetic

FRET biosensors with binding domains that have relatively low binding affinities.
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1. Background
1.1 Histone modifications and histone methylation

Approximately 2.5 billion base pairs of DNA are packed and stored in a single human
diploid cell to provide a physiological template of all eukaryotic genetic information [1, 2]. The
huge amount of DNA is compacted into chromatin in the microscopic space of the nucleus with
the help of histone proteins. Histone proteins are highly alkaline proteins with positive charges
that can associate tightly with the negatively charged DNA and exist in five major families: H1/HS,
H2A, H2B, H3, and H4 [3,4]. They are the chief protein in the chromatin around which long
sequence of DNA coils, thus playing a pivotal role in regulating the transcription of certain genes.
Gene regulation of histone proteins is mainly achieved by the post-translational modification to
the histone proteins, including methylation, acetylation, phosphorylation, ubiquitylation, and
sumoylation [5]. Post-translational modifications alter the chromatin structure or recruiting histone
remodeling enzymes and thus change gene expression. In addition to the regulating gene
transcription, post-translation modifications are also known to affect DNA repair, replication and
recombination [6].

Among the different kinds of post-translational modifications, methylation on the histone
is found to activate or silence the specific genes within the DNA complexed with the methylated
histone. Histone methylation mainly occurs on the side chain of lysine and arginine, in which
lysine can be mono-. di-, or tri-methylated whereas arginine can only be mono- and di-methylated
due to their respective chemical structure [7]. Each location of histone methylation as well as the
degree of methylation (mono-, di-, or tri-methylation) have been associated with differential gene
expression status. For instance, tri-methylation on histone H3 lysine 4 (H3K4me3) has been

associated with active gene transcription [8], whereas tri-methylation on histone H3 lysine 27



(H3K27me3) has been associated with a repressed chromatin state [9]. However, histone
methylations do not happen by themselves alone, but are always mutually exclusive and combined
methylation marks can lead to different impacts as compared to the same single methylation mark
appearing by itself [5]. Although H3K4me and H3K27me3 often come with transcription
activation and repression respectively, the presence of both of them simultaneously help poise

genes for transcription [10].

1.2 Regulation of histone methylation

Histone methylation is regulated by histone methyltransferases and histone demethylases,
by which methylation groups are added to or removed from the histones. Previous research have
identified three families of histone methyltransferases that catalyze the addition of methyl group
to histones [11]. Proteins that contain SET domain [12] and Dotl like proteins [13] have been
known to methylate lysine, and the PRMT family of proteins have been known to methylate
arginine [14]. Two families of demethylases, the amine oxidases and Jumoji C domain containing,
iron-dependent dioxygenases, have also been identified to demethylate methyl-lysine, whereas the
arginine demethylases remained elusive.

The recruitment of methyltransferase and demethylase onto specific histone targets
remained somewhat unclear, but several models have been proposed through previous studies. It
has been found that specific DNA sequences can lead to the recruitment of several histone-
modifying enzymes. The best studied examples are the Trithorax Group Response Element (TREs)
and Polycomb Group Reponse Element (PREs) in Drosophila. TREs directs the recruitment of

TrX (a H3K4 methyltransferase complex) and PREs directs the recruitment of PcG proteins (the



PRC2 complex catalyzes H3K27me3), possibly through specific DNA binding transcription
factors that recognize these elements [15-17].

Long non-coding RNAs (IncRNAs) have also been suggested to target certain
methyltransferases and demethylases to specific locations on genome. It has been shown that
InRNAs bind to members of the PRC2 complex [18, 19], the H3K9 methyltransferase G9a [19,
20], and the H3K4 methyltransferase complex member WDRS [21]. It has been found that the
human IncRNA HOTAIR binds to both PRC2 and a demethylase LSDI1 containing complex,
suggesting that IncRNA plays a role in recruiting an H3K27 methyltransferase and an H3K4
demethylase [22]. Small non-coding RNAs were also found to play a role in directing chromatin
modifications, including histone methylation. The RNA interference (RNAi) machinery has been
shown to be indispensable for maintaining the centromeric heterochromatin via H3K9 methylation
[23]. Moreover, it has been shown in mice that RNAi machinery is linked to the induction of
H3K27me3 and heterochromatin changes during the X chromosome inactivation [24].

DNA methylation itself has also been proposed to lead histone methylation. It has been
proved that histone methylation further reinforces another DNA methylation to establish a
repressive chromatin environment [25, 26]. In 4. thaliana, the H3K9 methyltransferase SUVH4
was found to bind methylated DNA [27], and mutation of the methyl-DNA binding domain of the

Arabidopsis H3K9 methyltransferase SUVHS decreases H3K9me2 [28].

1.3 Roles of histone methylation in gene transcription
It has been hypothesized that histone methylation could influence transcription through the
mechanism of chromosomal looping, bringing physically separate regions of chromatin closer

together [29]. However, it remains elusive whether chromosomal looping is a cause or



consequence of transcriptional regulation. Histone modification can also directly or indirectly
affect the higher-order chromatin structure via the recruitment of remodeling complexes [30, 31].
Sequence-specific DNA-binding transcription factors, so-called “pioneering factors’, can bind to
specific regions on the chromatin and open the inaccessible chromatin domains [32]. Then DNA
methylation and histone modifications participate together to make the chromatin more accessible
to let in other transcription factors such as RNA polymerase II (RNAPII) and the pre-initiation
complex (PIC) [33]. Certain histone methylation patterns are also required for the binding of
transcription factors. A study has shown that histone modifications can affect MYC binding to
promoters in humans [34]. Though much research has been done to decipher the role of histone
methylation in the control of gene expression, more work needs to be done to fully understand the

cascade.

1.4 Histone H3 lysine 27 tri-methylation

Histone methylation is known to play important roles in many biological processes,
including cell cycle regulation, DNA damage and stress response, development and differentiation
[35-38]. Among all forms of histone methylations, we are most interested in the histone H3 lysine
27 tri-methylation (H3K27me3) because it is tightly associated with inactive gene promoters [39],
whereas the mono- and di-methylations of H3K27 are less well-studied. Therefore, we will focus
on H3K27 tri-methylation in this paper. H3K27me3 only has one known methyltransferase EZH2
[40]. EZH2 is part of the PRC2 complex responsible for repressing many genes involved in
development and differentiation [41, 42]. Therefore, it is believed that H3K27me3 is critical for

the repression of developmental genes.



PcG proteins were firstly discovered to be essential for the formation and development in
Drosophila melanogaster. They have been found to impact many cellular processes such as cell
cycle control, X-inactivation, stem cell differentiation, cancer and senescence. H3K27me3 is
catalyzed by the polycomb group (PcG) protein PRC2 and PRC2 is also known to regulation all
forms of H3K27 methylation (mono-, di-, tri-methylation) in a spatially defined manner,
contributing to different genomic functions in the cell [43]. The recruiting of PRC2 to specific
H3K27 remained elusive, and hypotheses modeling this mechanism have been detailed in section
1.2.

Both PcG proteins PRC1 and PRC2 take part in the gene transcription process through
H3K27me3. PRC2 is required to silence the initial target where it binds to, and PRC2 further
stabilize this silencing and underlies cellular memory of silenced region after cellular
differentiation. Specifically, after being recruited to target H3K27, the EZH2 subunit in PRC2
catalyzes the tri-methylation on H3K27 accompanied by the binding of SUZ12 and EED to the
EZH2 subunit [44]. Then the chromodomain in PRC1 binds to the H3K27me3 and propagates the
silencing by catalyzing lysine 110 mono-ubiquitylation (K119) of histone H2A, and
H2AK119Ubl contributes to gene silencing through chromatin compaction [45] and inhibition of
transcriptional elongation [46].

Chromodomain is highly conserved among human, mice, and fruit flies. In mammalian
cells, the eight Cbx1-8 proteins contain the chromodomain. They are evolutionarily related to the
Drosophila HP1 (dHP1) and Pc (dPc¢) proteins that also contain the conserved chromodomain [47].
dHP1 and dPc have been confirmed to specifically recognize repressive marks of H3K9me3 and
H3K27me3, respectively (Table 1) [45, 48], whereas the binding specificity of the eight Cbx

proteins are more complicated [47]. From the information, we concluded that the dPC domain



could be used as a potential binder in our fluorescence resonance energy transfer (FRET) biosensor
that can visualize the dynamics H3K27me3 in a single living cell because it’s high affinity toward
H3K27me3. Visualizing the global as well as locus-specific H3K27me3 dynamics in living cells
will render us powerful tools to use for cell reprogramming and developing potential cancer

therapies and disease treatments.

Table 1: Dissociation constant values (K,) for the dPC and dHP1 to different methylated histone H3
peptides. Signal that is too close to the background is designated as n.d. and signa that is too week to give
any conclusive result is designated as >1000. Adapted from [49].

K (uM) H3K9ME1 | H3KOME2 | H3KOME3 | H3K27ME1 | H3K27ME2 | H3K27ME3
PC >1000 >1000 125428 20+3 28+4 5+1
HP1 46+9 T2 441 n.d. n.d. 64+7

1.5 Fluorescence Resonance Energy Transfer Biosensors
Fluorescence resonance energy transfer (FRET) is a mechanism describing nonradiative
energy transfer between two fluorophores, one donor and one acceptor [50]. This process depends
on several factors, such as the spectral overlap of donor fluorophore’s emission and acceptor
fluorophore’s excitation wavelengths, the distance between the fluorophores, and the relative
orientation of the fluorophores [50]. Genetically encoded FRET-based biosensors have become
powerful tools in visualizing the spatiotemporal dynamics of cellular signaling molecules such as
Ca2+, phospholipids, and protein kinases [50, 51] in living cells.
Genetically encoded FRET biosensors are mainly classified into two types: intramolecular

FRET biosensor and intermolecular FRET biosensor. The intramolecular FRET biosensor contains



both donor and acceptor fluorophores within a single molecule, whereas the intermolecular FRET
biosensor contains a pair of donor and acceptor fluorophore conjugated to two separate molecules
respectively. Intramolecular FRET biosensors are more widely used in cell biology due to its
advantages of high signal-to-noise ratio, easy loading into the cell, and simple ratiometric image
analysis [50, 51]. Figure 1 is an example of a FRET biosensor [52]. On stimulation, the domain
binds to the substrate, altering the relative distance or orientation between the connected
fluorescent proteins to result in a FRET change [53]. In this way, the molecular signals can be
monitored by observing the changes in FRET. Since each cell may have a different copy number
of biosensors loaded into them, the change in signal is normalized by dividing FRET with ECFP,
and the ratio of FRET/ECFP can be compared prior and after simulation in order to monitor various

molecular signals [53].

433 nm no FRET
N\ stimulation
ECFP e - ' EYFP I'::>

433 nm

Figure 1: Functional mechanism of an intramolecular FRET
biosensor. Adapted from [52]

As previously mentioned, the FRET efficiency of intramolecular biosensors primarily depends on
the relative orientation and the distance between the fluorophores [50]. Orientation-dependent
biosensors, or biosensors in which the orientation between the two fluorophores plays a dominant
role in affecting FRET efficiency, usually exhibit higher sensitivity than the distance-dependent
biosensor [53], in which the distance between the fluorophores dominantly changes FRET

efficiency. However, since the 3D-structure of the intramolecular biosensor in live cells can hardly



be predicted, time-consuming optimization by trail-and-error are often required in order to

optimize the biosensors.

2. Results
2.1 Construction and testing of the prototype H3K27me3 biosensor

To visualize the epigenetic dynamics happening inside living cell, we constructed a
fluorescence resonance energy transfer (FRET) biosensor that monitors the tri-methylation at
lysine position 27 on histone H3. The prototype construct was assembled based on a previous
histone methylation reporter presented by Alice Ting’s group dated back to 2004 [54]. However,
the reporter published by Ting’s group lacked in vivo testing, had a low FRET contrast between
methylated and non-methylated states, and could not efficiently localize into the nucleus after our
testing. Based on this paper, we built a new prototype construct with the same truncated
Drosophila Polycomb (Pc) chromodomain as the binding domain and a full-length histone H3
containing the lysine K27 position (Figure 2A). The Pc was truncated to include residue 21 to 78
of the full Pc domain, which includes the aromatic rings necessary for the specific binding to
H3K27me3 [55]. The affinity of the Pc domain to H3K27 tri-methylation is known to be 5 uM
[49]. To further improve nuclear localization and simulation of cellular events, a full-length histone
H3 containing lysine 27 was used as the substrate-containing domain. The fluorescent pairs were
changed to ECFP and YPet, which are fluorescent donor and acceptor optimized for FRET,
respectively. The ECFP and YPet were sandwiched between the binding partners so as to increase
the chance of FRET when binding event happens. A 120-amino-acid-long EV linker with
repetitions of amino acids — glycine, serine and alanine to evade extra background FRET was used

to link ECFP and YPet. Since the 3D conformation of the biosensors in cells were unknown, we



made two different prototype constructs. The GGS-linker prototype biosensor has a 15-mer GGS-
linker separating Pc and YPet to provide enough flexibility which may lead to better FRET
efficiency upon binding. The no-linker prototype biosensor does not have linker between Pc and
YPet. It is unclear whether the linker, upon binding would provide flexibility for better FRET or
limits FRET with too much flexibility. Therefore, we tested both inside the HEK cells.

We hypothesize that when there is no tri-methylation on H3K27, the biosensor sits in the
“OFF” state, with the fluorescent proteins relatively far away from each other and no FRET occurs.
When H3K27 is tri-methylated, Pc binds to H3K27me3 and induces a global conformational
change in the biosensor, brings the YPet close to ECFP and causing FRET. Biosensor is stimulated
to an “ON” state. When the methylated H3K27 is further demethylated, Pc releases non-
methylated H3K27 and returns to “OFF” state with no FRET again (Figure 2B). By measuring the
ratio of FRET/ECFP, we are able to determine the global tri-methylation level on H3K27.

After successfully constructing the biosensors, we tested them inside HEK cells via
lipofectamine 3000 transfection and looked at FRET after 48 hours. In order to validate that FRET
only changes when H3K27 is tri-methylated, two different mutants at H3K27 were made. The L
mutation mutated H3 lysine 27 to leucine, whose side chain cannot be methylated. The M mutation
mutated H3 lysine 27 to methionine, which previously had been shown to inhibit global level of
H3K27 tri-methylation in cells by inhibiting the SET-domain methyltransferases [55].

It was observed that all the constructs were able to locate specifically into the cell nucleus
and the constructs did not have any significant effect on the viability and conditions of the cells
(Figure 2C, 2D, 2H, 2I). The FRET/ECFP ratios in HEK cells transfected with the same biosensor
were averaged and the averages of different groups were statistically analyzed using One-way

Anova. The results showed that in the GGS-linker biosensors, the wildtype biosensor has a



significantly higher FRET ratio than the L mutated biosensor, and the L mutated one has a
significantly higher FRET ratio than the M mutated biosensor (Figure 2C). A same trend was also
found in the no-linker biosensors (Figure 2D). This was somewhat as we expected, because L
mutants could only inhibit the binding of Pc domain onto the H3K27 on the biosensor, whereas M
mutants inhibits the tri-methylation on both endogenous H3K27 and the H3K27 on biosensor.
These results confirmed that our wildtype biosensor could specifically detect H3K27 tri-
methylation.

From the results, we also noticed that the no-linker biosensors overall had lower basal
FRET ratios compared to the GGS-linker ones, suggesting the GGS-linker between Pc and YPet
may have provided the flexibility necessary for better FRET in presence of H3K27me3. With the
same set of data, we further compared the averages between the GGS-linker biosensors and no-
linker biosensors within the wildtype and L, M mutations. It was found that the GGS-linker
wildtype biosensor had significantly higher FRET ratio than the no-linker wildtype biosensors
(Figure 2E). In the L-mutated biosensors, the GGS-linker biosensor also had significantly higher
FRET ratio than the no-linker biosensor, but the significance became smaller (Figure 2F). In the
M-mutated biosensors, there is no significance in FRET ratios between the GGS-linker and no-
linker biosensors (Figure 2G). This is consistent with our previous results, because in L mutation,
there is much less tri-methylation on H3K27, and both biosensors had very low chance of binding;
in M mutation, most of tri-methylation on H3K27 is inhibited, and both biosensors could not bind
at all. By comparing the GGS-linker biosensors with no-linker biosensors, we discovered that the
GGS-linker biosensors were more sensitive than the no-linker biosensors.

To further find out that the biosensors work in a way as we expected, we mutated the Pc

binding domain. A mutation on Y26 to lysine was introduced to the Pc domain to abolish one of
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the aromatic ring side chains that is crucial to the specific recognition and binding to H3K27me3.

Previous literature also confirmed that Y26K mutation significantly reduce the binding between

11
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Figure 2: Construction and testing of prototype biosensors. (A) Maps of the GGS-linker prototype
H3K27me3 biosensor and no-linker prototype H3K27me3 biosensor. (B) Schematic presentation of the
FRET mechanism of the GGS-linker prototype biosensor in cell. (C) The basal FRET/ECFP ratios and
images of the wildtype and H3K27L, H3K27M mutations in GGS-linker prototype H3K27me3
biosensors. (D) The basal FRET/ECFP ratios and images of the wildtype and H3K27L, H3K27M
mutations in no-linker prototype H3K27me3 biosensors. (E) Comparison of the FRET/ECFP ratios
between the GGS-linker and no-linker prototype H3K27me3 biosensors in wildtype. (F) Comparison of
the FRET/ECFP ratios between the GGS-linker and no-linker prototype H3K27me3 biosensors in K27L
mutation. (G) Comparison of the FRET/ECFP ratios between the GGS-linker and no-linker prototype
H3K27me3 biosensors in K27M. (H) The basal FRET/ECFP ratios and images of the wildtype and Pc
Y26K mutated GGS-linker prototype H3K27me3 biosensors. (I) The basal FRET/ECFP ratios and
images of the wildtype and Pc Y26K mutated no-linker prototype H3K27me3 biosensors.

Pc and H3K27me3 [49]. In the GGS-linker biosensors, we saw a significantly higher FRET ratio
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in the wildtype GGS-linker biosensor compared to the Y26K mutated one, confirming that Pc
binds to H3K27me3 as we expected, and the previous results of the GGS-linker biosensors are
reliable (Figure 2H). However, in the no-linker biosensors, there was no difference between the
wildtype and Y26K mutated one, suggesting that the Pc in no-linker biosensors may bind to
H3K27me3 in an unexpected mechanism, or that the previous results from the no-linker biosensors
are false positive (Figure 2I). Based on all the results from testing the GGS-linker and no-linker
prototype biosensors, we are confident that the GGS-linker biosensor is working as we expected
and can specifically reflect H3K27me3 level in HEK cells. However, the contrast should be
improved to provide a more reliable and sensitive tool.

The efficiency of FRET mainly depends on the relative orientation and distance between
the fluorophores. In our case, we first tried to make the biosensor a “distance-dependent” one, in
which the distance between ECFP and YPet is the main factor that changes FRET. However, the
FRET gain was low with and without stimulation. Therefore, we will focus on changing the
orientation between ECFP and YPet to enhance FRET efficiency when H3K27me3 is present. We
can improve the FRET efficiency through changing orientation in two different ways. One is to
switch the positions of Pc domain and YPet for a different orientation, and the other is to shorten
the EV linker to bring the two fluorescent proteins closer to each other, changing the biosensor

from a “distance-dependent” type to an “orientation-dependent” type.
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2.2 Construction and testing of YPet-Pc-swapped H3K27me3 FRET Biosensors

The results from testing the prototype H3K27me3 FRET biosensors gave us a relatively
small contrast between the wildtype and the mutant biosensors, indicating an unstable binding
between the Pc domain and H3K27me3. It is impossible to know the real conformational change
of the biosensor inside living cell upon Pc domain and H3K27me3 binding, thus we tried swapping
the position of YPet and Pc domains to place YPet at the C-terminal and Pc inside in hope to
achieve better interaction between the fluorescent pair on binding between Pc domain and
H3K27me3 (Figure 3A). However, after testing the constructs in HEK cells under the same
conditions, we found that the significant difference between the wildtype and H3K27 mutants we
saw in our prototype were completely abolished. The FRET ratio of the wildtype linker construct
also decreased from a range between 0.6-0.7 to a range between 0.50-0.53. Since the FRET ratios
of all the biosensors, whether mutated or not, had very similar FRET ratio in the range of 0.50-
0.53, it is unlikely that the signals were false signals (Figure 3B, 3C). Therefore, we concluded
that the YPet-Pc swapped biosensor could not be used to reflect the tri-methylation on H3K27 in
cells. Bringing the YPet to the C terminal might have caused YPet and ECFP to be away from
each other, no matter the binding events happens or not. The results also confirmed that our
original prototype design with the fluorescent pairs sandwiched between the Pc binding domain
and H3 should be the best positions to allow most interaction between the fluorescent pairs upon

binding event.

14
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Figure 3: Construction and testing of YPet-Pc biosensors. (A) Maps of the GGS-
linker YPet-Pc H3K27me3 biosensor and no-linker YPet-Pc H3K27me3 biosensor.
(B) The basal FRET/ECFP ratios of the wildtype and H3K27L, H3K27M mutated
GGS-linker biosensors. (C) The basal FRET/ECFP ratios of the wildtype and
H3K27L, H3K27M mutated no-linker biosensors.
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2.3 Replacing EV linker with shorter linker

Since switching the positions of Pc domain and YPet did not work as expected, therefore,
we moved onto shortening the length of the EV linker. A shorter linker between the fluorescent
proteins will make the biosensor into an “orientation-dependent” type and may lead to a more
favorable conformation for FRET. Shortening the linker can also bring the binding partners closer
to each other and thus increase the chance for binding by increasing their local concentrations.
However, a shorter linker also indicates a higher possibility of FRET even when no binding event
occurs, or higher background signal. Thus, to optimize the FRET ratio change, the linker length
should be optimized to allow higher contribution of the binding and lower contribution of the
background to the FRET change. In this purpose, we shortened the 120mer EV linker into a 34mer-

linker and a 17mer-linker with everything else remain the same as the prototype biosensors.

2.3.1. Construction and testing of 34mer-linker H3K27me3 biosensors

In the 34mer biosensors, a linker that is 34-amino-acid-long linker with sequence
“GSTSGSGKPGSGEGSTKGSTSGSGKPGSGEGSTK” was used to replace the EV liker in both
GGS-linker prototype biosensors and no-linker prototype biosensors (Figure 4A). After testing the
34mer-linker biosensors in HEK via lipofectamine 3000 transfection, it was found that all the basal
ratios elevated from an average of 0.6 to an average of 1.3 (Figure 4B, 4C). This is consistent with
our expectation that shortening the EV linker can increase the interaction between the fluorescent
pairs and thus FRET overall all, regardless whether binding happens or not. However, the contrast
between wildtype and mutant biosensors were a little complicated. In the GGS-linker biosensors,
it was found that the wildtype biosensor had significantly higher FRET ratio than the H3K27L,

H3K27M and Pc domain Y26K mutants (Figure 4B). In the no-linker group, there is no significant
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difference between the wildtype and H3K27L and H3K27M mutant biosensors at all, but the
wildtype did have significantly higher FRET ratio than the Pc Y26K mutated biosensor (Figure
4C). This implies that the no-linker biosensor with a 34mer linker worked in the mechanism that
Pc binds to H3 as we expected, but it may not be sensitive to differentiate among wildtype
H3K27me3, H3K27L, and H3K27M.

Surprisingly, after shortening the linker to nearly one-fourth of the original EV linker, the
largest FRET contrast, which is found between wildtype GGS-linker biosensor and Pc Y26K
mutated GGS-linker biosensor, decreased to 14%. It seems that the 34mer linker indeed increased

the background FRET, but was not able to enhance the FRET gain after tri-methylation at H3K27.
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Figure 4: Construction and testing of 34mer-linker biosensors. (A) Maps of the
GGS-linker 34mer-linker H3K27me3 biosensor and no-linker 34mer-linker
H3K?27me3 biosensor. (B) The basal FRET/ECFP ratios of the wildtype, H3K27L,
H3K27M, and Pc Y26K mutated GGS-linker biosensors. (C) The basal
FRET/ECEFP ratios of the wildtype and H3K27L., H3K27M, and Pc Y26K mutated
no-linker biosensors.
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2.3.2. Construction and testing of 17mer-linker H3K27me3 biosensors

The EV linker was further shortened to a 17-amino-acid-long linker with sequence
“GSTSGSGKPGSGEGSTK” (Figure 5A). After testing the 17mer-linker biosensors in HEK via
lipofectamine 3000 transfection, we saw that the basal FRET ratios of all the biosensors again
increased to the range of 1.7-5.0, which was as we expected and consistent with previous results
of the 34mer-linker biosensors (Figure 5B, 5C). Moreover, the results showed that the wildtype
GGS-linker biosensor had a significantly higher FRET ratio than all the mutants, including
H3K27L, H3K27M, and Pc Y26K (Figure 5B). A similar trend can also be found in the no-linker
biosensors (Figure 5C). No significant difference was found between the L and M mutants, which
was also as we expected because in neither case can the H3K27 on the biosensor be methylated. It
also suggests that the Pc domain on the biosensor only binds to the H3 on the biosensor instead of
other endogenous H3 tails due to the shortening of the linker and thus confined conformation.

It is also worth noticing that the wildtype GGS-linker and no-linker biosensors both have
a wider distribution of FRET ratios across the sample cells compared to the prototype biosensors
and 34mer-linker biosensors. This may be a hint of an optimized biosensor because the 17mer-
linker wildtype biosensors showed a wider dynamic range. The wider distribution may also suggest
that the 17mer-linker has a higher sensitivity than the previous biosensors because H3K27me3
level in cells is dependent on different stages of the cell cycle [], and this wider distribution may
have reflected this phenomenon, since all the cells were randomly selected to be imaged. Overall,
the largest contrast, which was again found between the GGS-linker wildtype biosensor and GGS-

linker Pc Y26K mutated biosensor, increased to 32%.
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Figure 5: Construction and testing of 17mer-linker biosensors. (A) Maps of the GGS-
linker 17mer-linker H3K27me3 biosensor and no-linker 17mer-linker H3K27me3
biosensor. (B) The basal FRET/ECFP ratios of the wildtype, H3K27L., H3K27M, and
Pc Y26K mutated GGS-linker biosensors. (C) The basal FRET/ECFP ratios of the
wildtype and H3K27L, H3K27M, and Pc Y26K mutated no-linker biosensors.
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3. Discussion

In FRET biosensors, the dynamic range of the biosensor is defined as the range of the
FRET/ECFP ratio between ON and OFF states of the biosensor (Figure 6). The gain of the FRET
signal is defined as the relative change in FRET/CFP ratio before and after stimulation. In practice,
the activity and the concentration of the target molecule can be monitored by observing the changes
in FRET/ECFP before and after stimulation. Therefore, the gain of a FRET biosensor depends
both on the dynamic range of the FRET biosensor as well as the relative increase after stimulation
(ON state) versus that before stimulation (Figure 6). Meanwhile, the sensitivity of FRET
biosensors is defined as a concentration of stimulants that increases the FRET/ECFP ratio to 50%
of the dynamic range (Figure 6) [56]. In our 17mer-linker biosensors, we were able to see a wider
distribution in the wildtype biosensors, indicating that they both have a larger dynamic range

compared to the previous prototype biosensors, and thus, a higher sensitivity.
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Figure 6: Schematic representation of the titration curve of FRET/ECFP ratio in
intramolecular FRET biosensor. Adapted from [56].

In addition to the dynamic range, the gain of a FRET biosensor also depends on the relative
FRET ratio change between ON and OFF states of the biosensors and this relationship can be

expressed as:

20



“ON”

FRET gain = ——— (background)’

In our case, by shortening the EV linker, we increased both the FRET ratio of the biosensor in the
OFF state as well as the FRET ratio in the ON state. In the case of 34mer-linker biosensors, the
increase in OFF state, or background signal is larger than that in the ON state, therefore, resulting
in a smaller FRET gain than previously. However, in the case of 17mer-linker biosensors, the
increase in ON state FRET ratio is larger than the increase in the background FRET ratio. Thus,
we were able to get a higher FRET gain, and eventually, a higher sensitivity.

A previous paper used a longer EV linker and successfully optimized several kinase FRET
biosensors, such as the ERK and PKA biosensors [56]. In their case, the binding affinities between
the substrate molecule and binding domains on the kinase FRET biosensors are usually very strong
[57, 58]. Therefore, their strategy to optimize such kinase FRET biosensors was to lengthen the
linker separating the two binding domains and fluorescent proteins, making the biosensors
completely “distance-dependent”, so that the background FRET can be lowered to increase FRET
gain. Since binding affinities are high, background FRET signal is the dominant factor that affects
FRET gain. However, in our case, due to the relatively low binding affinity between Pc domain
and H3K27me3, the ON FRET signal becomes the dominant factor that determines FRET gain.
Changing it to an “orientation-dependent” type of biosensor by shortening the linker can help
increase the FRET gain, because when the two fluorophores are brought closer, the Pc domain and
H3K27me3 are also closer, resulting a larger possibility that they can reach each other and bind.
That is, the local concentrations of the binding partners increased. Indeed, by shortening the linker
to about one seventh of the original length, we were able to see a higher FRET gain. Though the
background FRET signal was also raised, as long as the FRET signal increase in the ON state is

larger than that in the OFF state, the biosensor’s FRET gain can be more optimized.
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There is another thing that worth noticing when we compare the 34mer-linker biosensors
and the 17mer-linker biosensors. We found that shortening to a 34mer-linker was not able to
increase the FRET gain, whereas shortening the linker further to a 17mer-linker was able to
increase the FRET gain. This is very interesting because the relationship between the linker length
and FRET gain is not linear/proportional. Shortening to a 34mer-linker may have increased the
background FRET signal to a larger extent than increasing the FRET in ON state. Therefore, some
trial-and-error is still needed in adjusting the linker size. But compared to the usual trial-and-error
optimizations without much directions, this key concept can be applied to improve the sensitivities
of many other FRET biosensors, especially the epigenetic FRET biosensors, since they all tend to
have binding domains with relatively low affinities.

In conclusion, in our design of this epigenetic biosensors, we found out that playing with
the linker length as well as the binding affinity we are able to enhance the FRET contrast between

the non-binding and binding of Pc domain and H3K27me3.
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4. Materials & Methods
4.1. DNA construction and plasmids

All the constructs were first amplified to obtain necessary fragments through standard
polymerase chain reaction (PCR). Then the components were assembled into pcDNA3.1+ vector
through Gibson Assembly [New England Biolabs]. All plasmids were purified with the

QIAquick Gel Extraction Kit [Qiagen] and Miniprep Kit [Qiagen].

4.2 Cell culture and reagents

HEK?293 cells were obtained from American Tissue Culture Collection (ATCC)
(Manassas, VA), and they were cultured in medium containing Dulbecco’s modified Eagle
medium (DMEM) (Gibco), 10% fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville,
GA), and 1x penicillin/streptomycin (Invitrogen). They were cultured in 37°C humidified-
incubator with 5% CO,. HeLa cells were transfected with the plasmids using Lipofectamine

3000 kit (Sigma-Aldrich) 48 hours before imaging.

4.3 Image acquisition and analysis

Before imaging, the cells were plated onto glass-bottom dishes (Cell E&G) coated with
fibronectin (Sigma) at 10 pg/mL concentration, and the coated dishes were kept at 37°C for 4
hours before cell plating. During imaging, the plated HEK cells were maintained in the starvation
medium at 37°C with CO2 supplemented.

The images were collected with a Nikon eclipse Ti inverted microscope with 100x DIC
Nikon microscope objective (NA 1.4) used and the MetaMorph 7.8.8.0 software (Molecular

Devices). Furthermore, the microscope was installed with a 450DRLP dichroic mirror, a
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420DF20 excitation filter, 475DF40 filter for ECFP and 535DF25 filter for YPet (Chroma).
Image analysis was conducted on MetaMorph 7.8.8.0 software, where background signal was

subtracted, and the FRET ratio was recorded as an average value over the whole nucleus.
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