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ABSTRACT: Acetyltransferase is a member of the transferase group
responsible for transferring an acetyl group from acetyl-CoA to
amino group of a histone lysine residue. Past efforts on histone
acetylation monitoring involved biochemical analysis that do not
provide spatiotemporal information in a dynamic format. We
propose a novel approach to monitor acetyltransferase acetylation
in live single cells using time correlated single photon counting
fluorescence lifetime imaging (TCSPC-FLIM) with peptide bio-
sensors. Utilizing 2D and 3D cultures we show that the peptide
sensor has a specific response to acetyltransferase enzyme activity in a
fluorescence lifetime dependent manner (P < 0.001). Our FLIM
biosensor concept enables real-time longitudinal measurement of
acetylation activity with high spatial and temporal resolution in live
single cells to monitor cell function or evaluate drug effects to treat
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cancer or neurological diseases.
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Acetylation is post-translational modification pertinent for
cellular function involving a class of acetyltransferase
enzyme. P300/CBP associated factor (PCAF) is a tightly
regulated acetyltransferase enzyme involved in diverse cellular
processes such as transcriptional control, cell growth, and
differentiation." This ubiquitously expressed enzyme plays a
key role in multiple cellular processes, owing to its cellular
localization characteristics.”® Distinct spatial and temporal
profiles of PCAF results in different acetylation activity” which
ultimately corresponds to a diverse set of cellular responses.
Several methods”™” have reported monitoring of PCAF or
other acetyl transferase protein activity for mechanistic
evaluation. However, classical techniques to detect acetyl
transferase activity, more specifically, PCAF, are generally
limited to in vitro biochemical assays or immunofluorescence
methods in fixed cells. Such methods do not provide dynamic
information on protein acetylation. Some approaches have
used genetically encoded biosensor or fluorescence resonance
energy transfer (FRET) based biosensors®” to monitor real-
time acetylation. However, these approaches have limitations,
because they require a uniform and stable transfection of
genetically encoded sensors or depend on a FRET assay. More
importantly, genetically encoded sensors will be challenging to
implement in primary cells. Single molecule techniques have
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been used for characterizing epigenetic events;'°”'? however,
few studies report on the dynamics of the process itself. In this
work, we propose a novel approach with peptide biosensors'”
and fluorescence lifetime imaging (FLIM) to monitor
acetylation in real-time. Fluorescence lifetime reporters can
serve as ideal probes owing to its environmentally sensitive
nanosecond decay changes. Furthermore, FLIM is not
confounded by photobleaching or fluctuations in the excitation
source and, hence, is a robust method for longitudinal
observation. FLIM was applied to detect acetylation dependent
fluorescence lifetime shifts (1—2 ns) in living 2D and 3D
cultures. Detailed methods and instrumentations used in our
work are provided in the Supporting Information (SI). We
derive our motivation from our previous work with
phosphorylation sensors.">™'® The design of the sensor was
based on the substrate of PCAF. PCAF primarily acetylates
lysine 14 of histone 3;'* therefore, we hypothesized that
putative histone 3 peptide containing lysine 14 will be
recognized by PCAF as its target substrate. Consequently, a
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PCAF biosensor (HATS) was designed based on histone 3
sequences along with amino acids adjacent to lysine 14 (Figure
la).
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Figure 1. Schematic of proof of concept. (a) Peptide sensor: putative
histone 3 (H3) (blue) within a DNA histone complex is a substrate
for major acetyltransferase enzyme, and lysine 14 of H3 is a site for
PCAF acetylation (K14) and a modified Tat sequence was added to
facilitate sensor penetration into cells to enable live cell imaging (light
blue). (b) Working principle of the peptide biosensor: the sensor
binds to the histone acetyltransferase (HAT) target. Upon acetylation,
phospholysine will bind to the PCAF bromodomain, resulting in an
increased fluorescence lifetime of the reporter. (c—f) Fluorescence
lifetime of HATS is acetylation-dependent. Monitoring PCAF
acetylation in solution. General reaction condition is as follows:
PCAF enzyme (Cayman Chemical, USA, cat. 0009115) was diluted
25 times in SO uL of PCAF buffer (Cayman Chemical, USA, cat.
10009330), 20 uM acetyl-CoA and 10 uM peptide solution were
added into the enzyme, and the mixture was incubated at 37 °C with
(c) HATS, (d) HATS in the absence of acetyl-CoA, (e) acetylated
HATS, and (f) acetylated HATS in the absence of PCAF enzyme. (c)
After 90 min of incubation with HATS, fluorescence lifetime
increased from 3.3 to 4.1 ns. (d) Same condition as in (c) but in
the absence of the acetyl group donor, acetyl-CoA, showing constant
fluorescence lifetime of HATS (3.3 ns). (e) Acetylated HATS in the
same condition as in (c) showing constant fluorescence lifetime but
higher fluorescence lifetime (4 ns) than nonacetylated HATS (3.3
ns). (f) Acetylated HATS in the same condition as in (e) but in the
absence of PCAF enzyme showing the same lifetime with (c)
nonacetylated HATS (3.3 ns) and remains constant during 90 min of
observation.

To facilitate live cell delivery, a TAT peptide sequence (light
blue) was added to the putative histone 3 (Figure 1b, dark
blue). Additionally, for visualization, a fluorophore, S-FAM,
was conjugated to lysine amino acids +4 of the acetylation site
(Figure 1b, SI Figure lab). The working principle of the
proposed HATS is as follows: HATS will be recognized by
PCAF, but the binding of sensor to PCAF itself will not change
the fluorescence lifetime of HATS. However, upon acetylation
of the lysine S amino acid residue in the HATS (Figure 1b,
HAT box),'® the acetylated lysine binds to the bromodomain
of PCAF. This binding event alters the solvatochromic

environment of the sensor reporter, resulting in a change in
its fluorescence lifetime (Figure 1b). To demonstrate that the
fluorescence lifetime of HATS changes in a PCAF acetylation-
dependent manner, in vitro acetylation experiments were
performed with HATS as a substrate and its fluorescence
lifetime in solution was noted every 5 min for a 90 min period.
FLIM images (Figure 1c) demonstrated a gradual increase in
the average lifetime of the fluorophore in the HATS peptide
biosensor in PBS exposed to the PCAF enzyme and acetyl-
CoA suspended in PCAF buffer at 37 °C. The fluorescence
lifetime decay curve was then fitted with a multiexponential
model'” to obtain an average lifetime at each time point. Our
result shows that, in solution, the fluorescence lifetime of
HATS depends on PCAF acetylation, increasing from 3.3 to
4.1 ns (Figure 1c). We also noted that there was no change in
fluorescence lifetime (3.3 ns) (Figure 1d) in the presence of
PCAF enzyme when acetyl-CoA was absent during this 90 min
period, suggesting that there was no change in lifetime in the
absence of acetylation. Using the same experimental conditions
as in Figure 1c, when HATS was replaced by acetylated HATS
(positive control) (SI Figure 1lc,d), a higher fluorescence
lifetime (4.05 ns compared to 3.3 ns) was noted in the
presence of PCAF enzyme. However, upon acetylation, the
lifetime of acetylated HATS remained the same, indicating the
change is due an acetylation event. A lower fluorescence
lifetime of acetylated HATS (3.3 ns) was noted in the absence
of PCAF enzyme (Figure 1f). Collectively, our observations
suggest that the fluorescence lifetime of HATS depend on the
acetylation activity of PCAF enzyme and not merely to the
binding of HATS to PCAF. After testing our concept in
solution, we tested the performance of our sensor in live 2D
cultures. One of the major challenges in genetically encoded or
nanoparticle-based sensors is the uniformity of uptake when
different cell lines'® are used. Here, we tested the efficacy of
PCAF sensor uptake in three different cell lines (SI Figure 2).
Experiments indicated that the sensor was rapidly internalized
by the cells tested within 20 min. To validate subcellular
localization, the cells were stained for immunofluorescence and
visualized with confocal microscopy (SI Figure 2). To evaluate
acetylation and PCAF acetyl transferase dependence of the
fluorescence lifetime shifts of HATS, positive and negative
controls were used (Figure 2). For positive control, we treated
LNCaP cells with MS-275, a histone deacetylation inhibitor
which has been reported to result in the accumulation of
acetylated histone 3."” We also tested our sensor by
incorporating a small molecule inhibitor for PCAF acetyl
transferase activity, anacardic acid (AA),” as negative control.
The real-time performance of HATS was evaluated by
stimulating cells with the activator MS-275 (Figure 2a—c) or
PCATF inhibitor AA (Figure 2d—f) over a 25 min observation
period. AA inhibition of PCAF acetylation was validated by
measuring the acetylated status of the enzyme substrate,
histone 3 lysine 14, with Western blot (SI Figure 3).

Within 25 min of MS-275 stimulation, HATS exhibited
increased fluorescence lifetime (Figure 2a,b). A signal-response
event was observed in MS-27S treated cells: PCAF activity was
noted in the nucleus following MS-275-induced signal
activation. Our observation is consistent with previous findings
which state that increased cytoplasmic PCAF acetylation will
increase the cells’ nuclear export.” The opposite response was
observed for HATS within 25 min of treatment with AA (SI
Figure 2d,e). Quantitative analysis (Figure 2c) confirmed that
HATS in LNCaP cells treated with MS-275 (orange line) not
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Figure 2. Fluorescence lifetime of HATS depends on PCAF
acetylation. (a,b) 25 min time course images show a higher (a)
average florescence lifetime and (b) intensity of HATS in LNCaP
cells treated with histone deacetylase inhibitor, MS-275 (S M), at 37
°C. Changes were most prominent in the nucleus. (c) Quantitative
analysis of (a) FLIM time course show increasing average florescence
lifetime, especially in cell nucleus compared to control (2.45 to 2.9
ns) from ¢t = 0 to ¢ = 25 min. (d,e) 25 min time course images show a
lower (d) average florescence lifetime and (e) intensity of HATS in
LNCaP cells treated with the PCAF inhibitor, AA (0.5 uM). (f)
Quantitative analysis of (e) FLIM time course of LNCap cells treated
with AA show a gradual decrease of fluorescence lifetime (3.1 to 2.9
ns) from t = 0 to £ = 25 min. Observations are representative of three
technical and three independent biological replicates. Scale bar = 20

pm.

only exhibited a higher average fluorescence lifetime than that
of control, but also experienced detectable changes in the
initial average fluorescence lifetime. On the other hand, the
control did not show any noticeable change in average lifetime
during the observation period (green line). Data is
representative of three technical and three independent
biological replicates. In negative control experiments, quanti-
tative analysis also validated the real-time response of HATS
upon PCAF inhibition.

Upon AA treatment, HATS not only exhibited a lower
average fluorescence lifetime compared to control, but also a
detectable decrease from its initial fluorescence lifetime
(Figure 2f). After testing HATS in live 2D cultures, the next
step is to translate our study to a more physiologically relevant
system in 3D cultures of LNCaP cells. In our tissue-like 3D
culture, the collagen matrix model (Figure 3, SI Figure 4) of
LNCaP cells formed an acinar structure morphology in S days,
rather than its spindle-like morphology in 2D cultures (SI
Figure 4e), consistent with our previous studies with 3D
prostate cancer models.”"”* To test the performance of the
sensor in 3D cultures, HATS was tested in three different cells
lines, LNCaP, RWPE, and PC3.

Within 30 min of incubation with HATS, the living cells in
the 3D tumor structures had internalized the sensor (SI Figure
4g—i). Biocompatibility is an important factor in live cell
studies.”> To evaluate biocompatibility, ROS levels were
assessed upon internalization of HATS. The difference was
not statistically significant (data not shown). Our result
indicates that HATS (20 uM) is not cytotoxic and does not
increase the production of ROS, which can lead to cellular
DNA damage and apoptosis.”* We further assessed the
cytotoxicity of HATS in 3D cultured cells by testing its

d w— Anacardic Acid § mM
1.02 { —e— No Treatment
A ——— —
—
§ 100 & \
3 -
S
ZEo9s
&
2
.g 0.96 - d
=094

[ 5 10 15 20 25
Time (minutos)

Figure 3. PCAF acetylation in 3D LNCaP cells monitored with
fluorescence lifetime. (a) Confocal image of HATS (green) was
uniformly uptaken by live LNCaP in collagen 3D culture. (b)
Confocal image of live LNCaP 3D culture stained with Mitotracker
red (red) and HATS (green) shows that HATS did not affect cell
health. (c) FLIM image of HATS acetylation in 3D cultures over 25
min upon treatment with AA 5 uM. (d) Quantitative analysis of (c)
anacardic acid (orange) and control of untreated cells (green)
demonstrates no apparent decrease in control cells (green) and
gradual decrease of HATS fluorescence lifetime in treated cells
(orange) during the course of 25 min. Scale bar = 20 um.

mitochondrial health with Mitotracker red-FM.”* No change in
fluorescence intensity of MitoTracker-FM was noted (Figure
3b), indicating that the HATS did not disrupt mitochondria
health. After testing the biocompatibility of HATS in 3D cells,
PCAF acetylation was monitored as in 2D cells. Consistent
with our results in 2D cell cultures, after treatment with AA,
the signal of HATS decreased (Figure 3c). Quantitative
analysis of FLIM images (Figure 3d) further indicated that the
lifetime of HATS (orange) decreased after treatment with AA,
while the nontreated control (green) remained the same.

We have successfully developed a peptide biosensor based
FLIM strategy to monitor in real-time acetyltransferase enzyme
activity in vitro as well as in 2D and 3D cultures at the single
cell level. Unlike other techniques which involve a genetically
expressed sensor, our strategy is relatively easier to implement
in most cells including primary cells or embryonic cells that are
notoriously difficult for transfection. Our FLIM detection is
also less prone to photobleaching compared to fluorescence
intensity based methods because the laser intensity used in our
studies is only 4 uW. Our approach provides dynamic
information with single cell resolution allowing the inter-
rogation of key acetylation events in a live cell context to
explore epigenetic regulation and drug effect in cancer or other
diseases. The methods developed can be translated to study
acetylation in a multiplex format by expanding the number of
acetyltransferase sensors with appropriate fluorophore report-
ers with lifetime in a different dynamic range.
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