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Abstract: Direct visualization of protein-protein interactions (PPIs) at high spatial and
temporal resolution in live cells is crucial for understanding the intricate and dynamic
behaviors of signaling protein complexes. Recently, bimolecular fluorescence
complementation (BiFC) assays have been combined with super-resolution imaging
techniques including PALM and SOFI to visualize PPIs at the nanometer spatial resolution.
RESOLFT nanoscopy has been proven as a powerful live-cell super-resolution imaging
technique. With regard to the detection and visualization of PPIs in live cells with high
temporal and spatial resolution, here we developed a BiFC assay using split rsEGFP2, a
highly photostable and reversibly photoswitchable fluorescent protein previously developed
for RESOLFT nanoscopy. Combined with parallelized RESOLFT microscopy, we
demonstrated the high spatiotemporal resolving capability of a rsSEGFP2-based BiFC assay by
detecting and visualizing specifically the heterodimerization interactions between Bcl-x; and
Bak as well as the dynamics of the complex on mitochondria membrane in live cells.
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1. Introduction

Visualizing the dynamic process of protein-protein interactions (PPIs) at high spatiotemporal
resolution is of great importance for understanding molecular mechanisms [1, 2] in live cells.
To date, a number of approaches have been developed for PPIs detection, including yeast
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two-hybrid system [3], co-immunoprecipitation [4], GST-pull down [5], FRET [6] and
bimolecular fluorescence complementation (BiFC) [7, 8]. Based on the complementary
reconstitution of a functional fluorescent protein from its split non-fluorescent fragments,
BiFC is known for its superb sensitivity in visualizing PPIs in live cells [9]. However, the
spatial resolution of conventional fluorescence microscopy (~250 nm) is limited by the
diffraction of light, which precludes the detection of individual PPIs which are often spatially
organized in sub-micron domains [10]. Recently, BiFC assay has been combined with super-
resolution techniques to overcome the diffraction limit. For instance, by splitting
photoconvertible or photoactivable fluorescent proteins, BiFC-PALM is able to probe PPIs
with nanometer spatial resolution [11, 12]. However, BiFC-PALM is mainly used for
detection of PPIs in fixed cells or tracking of single molecules in live cells [13]. BiFC assay
has also been combined with stochastic optical fluctuation imaging (SOFI) to super-resolve
the dynamics of STIM1 and ORAII in endoplasmic reticulum (ER)-plasma membrane [13].
As the BiFC-SOFI (refSOFI) approach [13] needs post-imaging processing and analysis to
obtain the super-resolution images, it thus can’t offer real-time observation of PPIs in live
cells. RESOLFT nanoscopy has been proven as a powerful live-cell super-resolution imaging
technique [14-18]. In this report, we developed BiFC assay to achieve high resolution, real
time detection of PPIs in live cells based on split rsEGFP2, a highly photostable and
reversibly photoswitchable fluorescent protein with fast and efficient maturation previously
applied in RESOLFT nanoscopy [15]. As a proof of concept, through combing with
parallelized RESOLFT microscopy, we demonstrated the high spatiotemporal resolving
capability of rsEGFP2-based BiFC assay by visualizing specifically the heterodimerization
interactions between members of the Bcl-2 family proteins Bcel-x; and Bak [19], as well as the
dynamics of the complex on mitochondria membrane in live HeLa cells. Thus, our newly
developed reversibly photoswitchable fluorescent protein rsEGFP2-based BiFC assay not
only expands the fluorescent protein toolbox available for BiFC but also facilitates the
detection and visualization of PPIs at super-resolution level in live cells.

2. Materials and methods
2.1 Plasmids construction

To construct pBiFC-rsEGFP2-N plasmid, the cDNA sequence of rsEGFP2 (residues 1-158aa)
was amplified by PCR and insert into the pBiFC-VN173 plasmid (provided by Dr. Chang-
Deng Hu, Purdue University) with Xbal and BamHI sites to replace VN173 sequence. To
construct pBiFC-rsEGFP2-C plasmid, the cDNA sequence of rsEGFP2 (residues 159-238aa)
was amplified by PCR and insert into the pBiFC-VCI155 plasmid (provided by Dr. Chang-
Deng Hu, Purdue University) with Xhol and Notl sites to replace VC155 sequence. To
construct pBiFC-B-Jun-rsEGFP2-N plasmid, the B-Jun (c-Jun (residues 257-334aa)) cDNA
sequence was amplified by PCR and inserted into pBiFC-rsEGFP2-N plasmid by EcoRI and
Xbal sites. To construct pBiFC-B-Fos-rsEGFP2-C plasmid, the B-Fos (c-Fos (residues 118-
211aa)) cDNA sequence was amplified by PCR and inserted into pBiFC-rsEGFP2-C plasmid
by EcoRI and Kpnl sites. Accordingly, the pBiFC-B-Fos (A Zip)-rsEGFP2-C plasmid was
constructed by inserting the interaction domain (179—193aa) truncated -Fos into the pBiFC-
rsEGFP2-C plasmid by EcoRI and Kpnl sites. To construct pBiFC-FKBP-rsEGFP2-N
plasmid, the cDNA sequence of FKBP was amplified by PCR and insert into pBiFC-
rsSEGFP2-N plasmid by EcoRI and Xbal sites. To construct pBiFC-FRB-rsEGFP2-C plasmid,
the cDNA sequence of FRB was amplified by PCR and insert into pBiFC-rsEGFP2-C
plasmid by EcoRI and Kpnl sites. To construct pBiFC-Bak-rsEGFP2-N plasmid, the cDNA
sequence of Bak was amplified by PCR and insert into the pBiFC-rsEGFP2-N plasmid by
EcoRI and Xbal sites. Accordingly, the interaction domain deleted Bak cDNA sequence Bak
(delete) was also inserted into the pBiFC-rsEGFP2-N plasmid with the same restriction
enzyme sites. To construct pBiFC-Bcl-x; -rsEGFP2-C plasmid, the cDNA sequence of Bel-x.
was also amplified by PCR and insert into the pBiFC-rsEGFP2-C plasmid with EcoRI and
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Kpnl sites. The flexible linker between B-Jun or Bak or Bak (delete) and rsEGFP2-N is
RSIAT while the flexible linker between B-Fos or B-Fos (A Zip) or Bcel-x; and rsEGFP2-C is
RPACKIPNDLKQKVMNH respectively. To construct CFP-Bak and CFP-Bak (delete)
expression plasmid, the BH3 domain of Bak and interaction domain deleted Bak cDNA was
amplified by PCR and insert into the HindIll and BamHI sites of pECFP-Clplasmid
(Clontech). To construct YFP-Bcl-x; expression plasmid, the full length Bcl-x; was amplified
by PCR and insert into the pEYFP-Clplasmid (Clontech). The vector pECFP-YFP coding for
the CFP-YFP fusion protein was generated by inserting YFP ¢cDNA into pECFP-Clvector
using a spacer peptide GASTVPRARDPPVAT between CFP and YFP protein [20]. All the
constructs were sequenced to ensure correct reading frame, orientation and sequences.

2.2 Cell culture and transfection

HeLa cell line was grown in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum and antibiotics in a 5% CO, incubator. Exponentially growing cells were
dispersed with trypsin, seeded at 2 x 10> cells/35mm glass bottom dish in 1.5 mL of culture
medium. The transfection of fusion protein constructs were carried out using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) according to manufacturer’s protocol. After
transfection, the cells were grown in DMEM complete medium for 24-72 h. For RESOLFT
imaging, cells were grown in IMEM (Gibco, Eggenstein, Germany) or DMEM complete
medium without phenol red.

2.3 Analysis of the switching kinetics of reconstituted p-Fos-f-Jun-rsEGFP2 and full
length rsEGFP2

To analyze the switching kinetics of reconstituted P-Fos-p-Jun-rsEGFP2 and full length
rsEGFP2 fluorescent protein, we used an inverted fluorescent microscopy (Olympus, 1X81) to
acquire images. HeLa cells expressing rsEGFP2 or B-Fos-fB-Jun-rsEGFP2 separately were
imaged. To activate and off-switch rsEGFP2, we used 405 nm light (25 W/cm?) and 488 nm
light (60 W/cm®) alternatively. The time constant (t) for off-switching was determined by
fitting the curves with a single exponential function. The residue fluorescence during each
switching cycle in live cells was calculated and presented as a percentage value of remaining
fluorescence intensity of on-state. The photobleaching of reconstituted f-Fos-B-Jun-rsEGFP2
and full length rsEGFP2 were measured in live HeLa cells by alternating irradiation with
405nm light for on-switching (0.1 kW/cm?®, 2ms) and 488nm light for off-switching (1
kW/em?, 24ms) for each cycle.

2.4 Characterization in mammalian cells

To compare the ensemble brightness of live HeLa cells co-expressing B-Jun-rsEGFP2-N and
B-Fos-rsEGFP2-C or co-expressing B-Jun-rsEGFP2-N and B-Fos (Azip)-rsEGFP2-C, 0.5pg
plasmid of pBiFC-B-Jun-rsEGFP2-N was co-transfected with 0.5ug plasmid of pBiFC-B-Fos-
rsSEGFP2-C or 0.5pug plasmid of B-Fos (Azip)-rsEGFP2-C. 24 hours after transfection, the
ensemble brightness of live HeLa cells was measured by fluorescence spectrophotometer
SpectraMax M5 (Molecular device, USA) instrument. The expression level of indicated
protein was quantified by western blot analysis. To test the rapamycin-inducible interaction of
rsEGFP2-based BiFC, exponentially growing cells were dispersed with trypsin, seeded
parallelly at two 35mm glass bottom dish in 2 mL of culture medium. The next day, cells in
each dish were parallelly co-transfected with 0.5ug plasmid of pBiFC-FKBP-rsEGFP2-N and
0.5pg plasmid of pBiFC-FRB-rsEGFP2-C and 0.1pg plasmid of pcDNA3.1 ( + )-mCherry
(internal control). 24 hours later, cells were imaged with fluorescence microscope under the
same imaging conditions. Then 100 nM rapamycin was added to one dish and cells were
incubated in 37°C for the next 20 hours. The green fluorescence and red fluorescence were
measured by fluorescence spectrophotometer. The expression level of indicated protein was
quantified by western blot analysis.
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2.5 RESOLFT nanoscopic imaging

RESOLFT experiments were carried out on a commercial parallelized RESOLFT microscope
(2-color RESOLFT Parallel, Abberior Instruments, Germany). A 405 nm continuous wave
diode laser was used for on-switching; a 488 nm continuous wave laser was used for off-
switching and fluorescence readout. A 100 x , NA 1.45 oil-immersion objective lens (IX83,
Olympus) was equipped for imaging. Two independent sCMOS cameras (Hamamatsu, Flash
4.0) were equipped for two-color RESOLFT microscope. Parallelized RESOLFT images
were taken using 24nm scanning step (pixel) size and (360/24)* steps or 36nm scanning step
(pixel) size and (360/36)* steps are required for one RESOLFT frame reconstruction.

2.6 FRET measurement with three-filter microscopy

HeLa cells were plated onto 0.17 mm thick bottom glass dishes and were transiently
transfected with Lipofectamine 2000 (Invitrogen) 24 hours later. The cells were washed twice
with phosphate buffer saline (pH 7.4) and covered with 1 mL fresh medium. Then, images
were taken with an Olympus IX81 inverted microscopy equipped with a 100x, NA = 1.45 oil
immersion objective lens and cooled-coupled device. Excitation light was delivered by an X-
cite light source. For imaging, the image-pro plus software version 6.0 (Media Cybernetics)
was used. In most experiments, the excitation intensity was attenuated down to 25% of the
maximum power of the light source. Images were acquired using 1 x 1 binning mode and 400
ms integration times. For quantitative FRET measurements, the method of sensitized FRET
was previously described in detail [20, 21]. Images were acquired sequentially through YFP,
FRET and CFP filter channels. Here, the filter sets used were YFP (Excitation filter:
504/12nm; Dichroic mirror: 440/521/607/700nm; Emission filter: 529/39nm; Semrock); CFP
(Excitation filter: 427/10nm; Dichroic mirror: 440/521/607/700nm; Emission filter:
472/30nm; Semrock); FRET (Excitation filter: 427/10nm; Dichroic  mirror:
440/521/607/700nm; Emission filter: 529/39nm; Semrock). The background images were
subtracted from the raw images before carrying out FRET calculation. Corrected FRET (F®)
was calculated on a pixel-by-pixel basis for the entire image using the following equation: F©
= FRET — (a x YFP) — (b x CFP), where FRET, CFP and YFP correspond to background
subtracted images of cells co-expressing CFP and YFP acquired through the FRET, CFP and
YFP channels respectively. The “a” and “b” are the fractions of bleed-through of YFP and
CFP fluorescence through the FRET filter channel, respectively. In our system, a = 0.063 +
0.0026(n = 28), b = 0.586 + 0.013(n = 23). To quantify FRET efficiency, we used FR =
[FRET-(b x CFP)]/ (a x YFP), a relative value that varies with changes in energy transfer to
quantify the FRET signal. The FRET ratio (FR) represents the fractional increase in YFP
emission due to FRET. Thus, in the absence of energy transfer, FR has a predicted value of 1
[21].

2.7 Statistics

All results are expressed as means = SD values. Data were analyzed using two-tailed
Student’s ¢ test for comparison of independent samples. Differences were considered
significant at p < 0.05.

3. Results
3.1 Split rsEGFP2 for BiFC imaging in live cells

To determine the optimal cleavage site for generating non-fluorescent fragments of rsEGFP2
for BiFC imaging, we referred to EGFP which was successfully used in BiFC with a cleavage
site at 158Q [22, 23] as the amino acids sequence of rsSEGFP2 shares 98% identity with that
of EGFP (Fig. 1(a)). We then used a previously established mVenus-based BiFC system [24]
to test the reconstitution performance of split rsEGFP2. Specifically, we genetically fused the
two fragments, rsSEGFP2-N (residues 1-158aa) to the C-terminus of c-Jun residues 257-334aa
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(B-Jun) and rsEGFP2-C (residues 159-238aa) to the C-terminus of c-Fos residues 118-211aa
(B-Fos), respectively. B-Fos and B-Jun are known to form a heterodimer through leucine
zipper interaction, which often serves as a model system to examine the fluorescence
complementation of BiFC [24]. To test the specificity of rsEGFP2-based BiFC assay, we also
fused rsEGFP2-C to the C-terminus of B-Fos (A Zip), a f-Fos mutant with the interaction
domain (residues 179-193aa) deleted (Fig. 1(b)). The flexible linker sequence was RSIAT
between B-Jun and rsEGFP2-N and RPACKIPNDLKQKVMNH between B-Fos/B-Fos (A
Zip) and rsEGFP2-C, respectively.

(a)

2 50
EGFP I\‘AVSKGEELF‘%GVVF’ILVELDGDVNGHKFéDVSGEGEGDA“[DYGKLTLKFKCTTGKLPVPWIEDOTLVTTLTY
rsEGFP2 MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLAY

70 80 90 100 110 120 130
GVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFK
GVLCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFK

140 150 Lie0 170 180 130
EDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLP
EDGNILGHKLEYNYNSHNVYIMADKQKNGIKSNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLP

200 210 220 230
DNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK
DNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

(b

)
- RPACKIPNDLKQKVMNH -

Fig. 1. Sequence alignment of rsEGFP2 with EGFP and constructs design for BiFC assay. (a)
Amino acids sequence alignment of rsEGFP2 (black) with EGFP(green), amino acids different
from EGFP sequence are highlighted with dark red color. The 158Q splitting site of rsSEGFP2
or EGFP for BiFC assay is indicated by red arrows. (b) B-Fos/B-Jun heterodimer model was
used in establishing rsEGFP2-based BiFC assay. B-Jun was fused to the rsEGFP2-N with
RSIAT linker while B-Fos or [-Fos(A Zip) was fused to the rsEGFP2-C with
RPACKIPNDLKQKVMNH linker.

As shown in Fig. 2, no fluorescence signal could be detected in HeLa cells individually
expressing rsSEGFP2-N or rsEGFP2-C fragments (Fig. 2(a) and Fig. 2(b)). In contrast, without
lower temperature pretreatment (e.g. 30°C), HeLa cells co-transfected with B-Jun-rsEGFP2-N
and B-Fos-rsEGFP2-C showed strong nucleus localized fluorescence signal (Fig. 2(c)) under
37°C physiological temperature, while HeLa cells co-transfected with B-Jun-rsEGFP2-N and
B-Fos (Azip)-rsEGFP2-C showed much lower spontaneously reconstituted fluorescence signal
(Fig. 2(d)), which indicated the specific BiFC signal for detecting PPIs under physiological
temperature in mammalian cells using rsEGFP2-based BiFC system. Quantitatively measured
by fluorescence spectrophotometer, live HeLa cells co-expressing B-Jun-rsEGFP2-N and B-
Fos-rsEGFP2-C were about 6 to 8 times brighter than cells co-expressing B-Jun-rsEGFP2-N
and B-Fos (Azip)-rsEGFP2-C (Fig. 2(e) and Fig. 2(f)).
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Fig. 2. Split rsEGFP2 for BiFC analysis in live HeLa cells. HeLa cells individually expressing
rsEGFP2-N fragment (a), rsEGFP2-C fragment (b), or co-expressing B-Jun-rsEGFP2-N and B-
Fos-rsEGFP2-C (c) or co-expressing B-Jun-rsEGFP2-N and B-Fos(Azip)-rsEGFP2-C (d) were
imaged under a fluorescence microscope with a 100 x objective lens. The same intensity scale
was applied to (c) and (d). Scale bar: 20um. The relative brightness of cells expressing
indicated plasmids were measured with fluorescence spectrophotometer in (e), *p<0.01
compared with cells expressing co-expressing B-Jun-rsSEGFP2-N and B-Fos(Azip)-rsEGFP2-C
and the data were from three independent measurements. (f) Comparable expression level of
the fusion proteins in (c) and (d) determined by western blotting with anti-Flag and anti-HA
antibodies. (g) 5 consecutive off-switching curves of reconstituted rsEGFP2 (blue) in live
HeLa cells co-expressing B-Jun-rsEGFP2-N and B-Fos-rsEGFP2-C by alternating irradiation
with 405 nm light (25 W/cm?, 100 ms) and 488 nm (60 W/cm?, 5000 ms). Fluorescence was
recorded only during irradiation of 488 nm light. (h) Single off-switching curve of
reconstituted rsSEGFP2 mediated by B-Jun/B-Fos interaction (blue) and full length rsEGFP2
(red) in live HeLa cells by alternating irradiation with 405 nm light (25 W/cm?, 100 ms) and
488 nm (60 W/cm?, 5000 ms). Fluorescence was recorded only during irradiation of 488 nm
light. Each curve is an average of 10 switching cycles. (i) The photobleaching curves of
reconstituted B-Fos-p-Jun-rsEGFP2 and full length rsEGFP2 were measured in live HeLa cells
by alternating irradiation with 405nm light for on-switching (0.1 kW/cm?, 2ms) and 488nm
light for off-switching (1 kW/cm?, 24ms) for each cycle.

Additionally, we also use rapamycin-inducible FRB/FKBP interaction system [25] to test
the specificity of rsEGFP2-based BiFC in detecting PPIs under physiological temperature in
live mammalian cells. We expressed complementary fragments of rsEGFP2 (rsEGFP2-N and
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rsEGFP2-C) fused to the C-terminal ends of FKBP and FRB in HeLa cells. As shown in Fig.
3(b) and Fig. 3(f), prior to rapamycin treatment, HeLa cells showed low fluorescence signal
that was not significantly different from the scatter produced by non-transfected cells. 20
hours after addition of saturating concentration of rapamycin, the fluorescence signal at 37°C
physiological temperature was significantly higher than the control sample without rapamycin
addition (Fig. 3(d) and Fig. 3(h)). Quantitatively, the normalized intensity ratio increased 7
times after treatment of rapamycin (Fig. 3(i)) despite the expression levels of protein were
similar (Fig. 3(j)), indicating that the fluorescence is highly interaction-inducible and the
newly developed rsEGFP2-based BiFC assay can be reliably applied to detect PPIs in live

cells.

rapamycin

rapamycin

20 hours

rapamycin

* + -

Anti-Flag “

+ -

Normalized Green/Red Ratio

Fig. 3. Characterization of rsEGFP2-based BiFC assay by rapamycin-inducible FRB/FKBP
interaction system. Two dish of HeLa cells co-transfected parallelly with the same amount of
pBiFC-FKBP-rsEGFP2-N, pBiFC-FRB-rsEGFP2 and pcDNA3.1( + )-mCherry plasmids
(internal control) were incubated at 37°C for 24 hours, and then the cells were imaged with the
same imaging conditions (a, b, e, f).(a, ¢) DIC channel, (b, f) GFP channel, the intensity scale
was set to the same from 150 to 500 for (b) and (f). After taking images of (a, b, e, f), 100 nM
rapamycin was added to only one dish (a, b) and then the two dish of HeLa cells were
maintained at 37°C for the next 20 hours and imaged with the same imaging conditions (c, d,
g, h). (¢, g) DIC channel, (d, h) GFP channel, the intensity scale was set to the same from 150
to 5000 for (d) and (h). Scale bar: 300um. (i) After 20 hours rapamycin induction, the
ensemble green and red fluorescence were measured by fluorescence spectrophotometer and
the normalized green-to-red ratios were calculated. *p<0.0! compared with cells without
rapamycin induction. The data were from three independent measurements. (j) Comparable
expression level of the fusion proteins in (d) and (h) determined by western blotting with anti-
Flag and anti-HA antibodies.
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3.2 Photoswitching kinetics reserved for complemented rsEGFP2

To test whether complemented rsEGFP2 fluorescent protein mediated by PPIs still preserve
the photoswitching kinetics that are crucial for RESOLFT imaging in live cells [15, 26], we
co-transfected HeLa cells with B-Jun-rsEGFP2-N and B-Fos-rsEGFP2-C and compared the
switching kinetics of complemented rsEGFP2 with that of full length rsEGFP2. As shown in
Fig. 2(g), multiple photoswitching cycles were generated by alternating irradiation with 488
nm and 405 nm light and recorded in living HeLa cells expressing complemented rsEGFP2
fluorescent protein. Under the same illumination conditions, both the ensemble off-switching
time constant t(~200ms) and residual fluorescence (~8-10%) were same between
complemented rsEGFP2 and full length rsEGFP2 in live cells (Fig. 2(h)). We also measured
the photobleaching characteristic of rsEGFP2 and complemented rsEGFP2 fluorescent
protein during 2000 times on-off switching cycles, and the curves (Fig. 2i) showed that
complemented rsEGFP2 is as photostable as original full length rsEGFP2.

3.3 Detection and super-resolution visualization of Bcl-x, and Bak heterodimerization
by combining parallelized RESOLFT microscopy with a rsEGFP2-based BiFC assay
in live cells

In order to test whether the newly developed rsEGFP2-based BiFC assay can faithfully detect
and visualize PPIs with high spatial resolution in live cells, we used the previously reported
homodimerization of Lifeact targeting to polymerized G-actin [13] as a model. As shown in
Fig. 4(a)-4(e), HeLa cells co-expressing Lifeact-rsEGFP2-N and Lifeact-rsEGFP2-C showed
expected green fluorescence labelling F-actin filaments. The super-resolved raw RESOLFT
image (Fig. 4(b) and Fig. 4(d)) of fast moving thick F-actin bundles showed an effective
spatial resolution about ~100 nanometer in live cell (Fig. 4(e)). We also detect and visualize
the heterodimerization of Bcl-x; and Bak [19] in live HeLa cells. Bak was tagged to the
rsSEGFP2-N fragment and Bcl-x; was tagged to rsEGFP2-C fragment respectively. Truncated
Bak (Bak (delete)) which is lack of BH3 interaction domain was used as a negative control.
Similarly, as shown in in Fig. 4(f)-4(j), HeLa cells co-expressing Bak-rsEGFP2-N and Bcl-
x.-1sEGFP2-C showed expected reconstituted green fluorescence at the mitochondria while
no reconstituted fluorescence signal could be detected on cells co-expressing Bak (delete)-
rsEGFP2-N and Bcl-x; -rsEGFP2-C. Compared with the conventional fluorescence images
(Fig. 4(f) and Fig. 4(h)), the super-resolved RESOLFT images clearly showed that Bak and
Bcel-x; heterodimerized at the membrane of mitochondria in live HeLa cells (Fig. 4(g) and
Fig. 4(1)). This result is also consistent with the previous findings that proapoptotic Bak is
sequestered by Bcl-x; via its BH3 domain at the mitochondrial membrane [19]. Additionally,
continuous time-lapse imaging and tracking of Bak and Bcl-x; heterodimerization could also
be performed in live cells (Fig. 4(k)-4(p)).
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Fig. 4. Super-resolution imaging of protein-protein interactions by combing BiFC with
parallelized RESOLFT in live HeLa cells. HeLa cells co-transfected with Lifeact-rsEGFP2-N
and Lifeact-rsEGFP2-C or Bak-rsEGFP2-N and Bcl-x;-rsEGFP2-C were imaged with a
parallelized RESOLFT microscope. (a) Conventional wide-field fluorescence image and (b)
RESOLEFT image of cells expressing reconstituted rsEGFP2 signal mediated by Lifeact-
rsEGFP2-N and Lifeact-rsEGFP2-C homodimerization. (¢) The magnified image of boxed
area of (a) and (d) the magnified image of boxed area of (b) are presented and intensity profiles
measured of arrowed regions in (c) and (d) are presented in (e) with black and red curves,
respectively. (f) Conventional wide-field image and (g) RESOLFT image of cells expressing
reconstituted rsEGFP2 signal mediated by Bcl-x, and Bak heterodimerization. (h) The
magnified image of boxed area of (f) and (i) the magnified image of boxed area of (g) are
presented and intensity profiles measured of arrowed regions in (h) and (i) are presented in (j)
with black and red curves, respectively. (k) Conventional wide-field image of a HeLa cell
expressing reconstituted rsEGFP2 signal mediated by Bcl-x; and Bak heterodimerization. (1-p)
Continuous time-lapse imaging of the HeLa cell in (k) with parallelized RESOLFT. A 405 nm
continuous wave diode laser was used for on-switching (2 ms; 12 mW measured at the back
focal plane of the objective, corresponding to 0.1 kW/cm?); a 488 nm continuous wave laser
was used for off-switching (20 ms; 50 mW measured at the back focal plane of the objective,
corresponding to 1 kW/em?) and fluorescence readout (4 ms; 50 mW measured at the back
focal plane of the objective). RESOLFT images were taken using a 24 nm scanning step
(pixel) size and (360/24)* steps were required for one RESOLFT frame in (b) and 36 nm
scanning step (pixel) size and (360/36)* steps were required for one RESOLFT frame in (g)
and (I-p). Each RESOLFT frame was taken within ~6s in (b) and ~3s in (g) and (I-p). Scale
bar: S5um in (a) and (b),10um in (f) and (g) and 1um in (c),(d),(h),(i) and Spm in (k-p). The
images are displayed using linear intensity scale without adjusting vy factor. All the RESOLFT
images are raw images without deconvolution.

3.4 Verification of Bcl-x, and Bak heterodimerization by three-filter FRET microscopy

To verify the heterodimerization between Bak and Bcl-xp directly in live cells, we
quantitatively detect their interactions using the three-filter FRET microscopy [27-29] (Fig.
5). CFP (FRET donor: cyan fluorescent protein) was tagged to the N-terminus of Bak or Bak
(delete) and YFP (FRET acceptor: yellow fluorescent protein) was tagged to the N-terminus
of Bcel-x;, and FRET signal were quantitatively gauged by the FR algorithm [21]. To ensure
that our recording system could reliably detect FRET, we first carried out several control
experiments. As shown in Fig. 5(b), cells co-expressing CFP and YFP, serving as a negative
control, showed no FRET with FR = 1.30 + 0.06 (n = 14). On the other hand, cell co-
expressing the CFP-YFP concatemer, a positive control for FRET, showed significantly
increased FRET signal with FR = 10.78 + 0.35(n = 27). The corrected FRET (F%) images in
Fig. 5(a) showed strong FRET signal in both cytoplasm and nucleus of cells expressing CFP—
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YFP fusion protein, while cells co-expressing CFP and YFP showed no FRET signal. We
next detected the interaction between Bcl-x; and Bak proteins by FRET. Cells co-expressing
CFP-Bak and YFP-Bcl-x, showed significantly higher FR = 4.03 + 0.54 (n = 15) compared to
cells co-expressing CFP and YFP or cells co-expressing CFP-Bak (delete) and YFP-Bcl-x;
with FR = 1.30 + 0.05 (n = 10). The F® images also showed strong FRET signal in
mitochondria of live HeLa cells. These results clearly indicated that Bak interacts with Bel-x;.
at the mitochondria of live cells.

CFP Channel YFP Channel F¢

(a)

CFP-YFP

CFP+YFP

CFP-Bak
YFP-Bcl-xu

CFP-Bak(delete)
YFP-Bcl-xu

(b)
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*%*
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YFP-Bcl-xu YFP-Bcl-xu

Fig. 5. Detection of Bcl-x; and Bak heterodimerization by FRET microscopy in live cells.
Detection of Bel-x; and Bak interactions in live HeLa cells (a) cells expressing CFP-YFP or
co-expressing CFP and YFP or co-expressing CFP-Bak and YFP-Bcl-x;, or co-expressing
CFP-Bak (delete) and YFP-Bcl-x; were imaged by three-filter FRET microscopy. Corrected
FRET (F€) images were calculated as described in “materials and methods” and presented as
pseudo-color images. All colors are arbitrarily assigned to indicate signal strength. HeLa cells
expressing CFP—YFP served as a positive control, while cells co-expressing CFP and YFP as a
negative control. Scale bar: 10pum. (b) FR values calculated from individual experimental
groups. *p<0.01 compared with cells co-expressing CFP and YFP, **p<0.0] compared with
cells co-expressing CFP-Bak (delete) and YFP-Bcl-x;.
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4. Discussion and conclusion

In this work, we developed BiFC assay to visualize protein-protein interactions with high
spatiotemporal resolution based on split rsEGFP2, a reversibly photoswitchable fluorescent
protein which previously demonstrated good performance in RESOLFT nanoscopy [15]. We
chose the cleave site as well as the flexible linkers of split rsSEGFP2 according to the previous
knowledge of EGFP as rsEGFP2 and EGFP share high sequence similarity (98%). The high
specificity of the rsEGFP2-based BiFC system was then confirmed using both the classic -
Fos/B-Jun heterodimer interaction model [24] and rapamycin-inducible FRB/FKBP
interaction system [25]. It is also worth noting that although we adopted the same flexible
linker composition and tagging directions as the previously established mVenus-based BiFC
system to detect 3-Fos/B-Jun heterodimerization in live cells, it is necessary to optimize the
linker length and compositions or even tagging directions between the non-fluorescent
rsEGFP2 fragments and proteins of interest for specific PPIs detections [30].

Besides the apparent reconstituted fluorescence which is important for conventional
protein labelling and visualization of protein-protein interactions, reversibly photoswitchable
characteristics (switching speed, residual fluorescence, and photostability) of RSFPs are also
crucial for RESOLFT imaging [17, 26]. We quantified these characteristics of reconstituted
rsEGFP2 and compared them with those of full length rsEGFP2; the data showed that these
crucial switching characteristics remain the same as original. Those results also indicated that
we could apply the same RESOLFT imaging parameters for complemented rsEGFP2
mediated by protein interactions as full length rsEGFP2.

As a proof of concept, by combing with parallelized RESOLFT microscopy, we applied
the newly developed rsEGFP2-based BiFC assay to visualize actin filaments labeled by
homodimerization of Lifeact. Measuring the filamentous structure such as fast moving thick
F-bundles shows significant improvement of spatial resolution compared with wide-field
imaging (Fig. 4(e)). In order to demonstrate this assay could be reliably applied to visualize
PPIs at super-resolution level in live cells, we use anti-apoptotic Bel-x; and pro-apoptotic Bak
heterodimerization as a model. Previous reports have showed that anti-apoptotic protein Bcl-
xt localized to the cytosolic side of outer mitochondria membrane heterodimerized with pro-
apoptotic Bak to prevent membrane permeabilization and cell apoptosis [31]. We co-
transfected HeLa cells with Bel-x; -rsEGFP2-C and Bak-rsEGFP2-N plasmids and the results
clearly show that the reconstituted green fluorescence signal was mainly localized to the
mitochondria. With parallelized RESOLFT imaging, Bcl-x;-Bak heterodimerized complexes
could be well visualized at the mitochondria membrane which appeared blurry under
conventional fluorescence imaging (Fig. 4(h)). HelLa cells co-transfected with Bel-x;-
rsSEGFP2-C and Bak (delete)-rsEGFP2-N showed no reconstituted signal, indicating the
specificity of rsEGFP2-based BiFC assay. We also used another classical and straightforward
method, three-filter FRET microscopy, to verify our results in detecting PPIs directly in live
cells [20, 27, 32]. As demonstrated, FRET signal from CFP-Bak to YFP-Bcl-x.
heterodimerization could also be reliably detected. However, compared with the super-
resolved RESOLFT images, the corrected FRET images (F°) was not able to reveal the
membrane localization of Bak-Bcl-x; heterodimeric complexes due to limited spatial
resolution. Taken together, these results demonstrate that compared with previously
established conventional fluorescent protein-based BiFC assays (e.g. mCerulean, EGFP,
mVenus, et al.), our newly developed rsEGFP2-based BiFC assay can be used to detect and
visualize PPIs not only with high specificity (Fig. 4(k)) but also with high spatiotemporal
resolution in live cells (Fig. 4(1)-4(p)).

Recently, several super-resolution BiFC assays have been reported to detect PPIs with
nanometer resolution. For example, BiFC-PALM approaches have been developed using
photoactivable fluorescent protein PA-mCherry [11] or photoconvertible fluorescent protein
mEos3.2 [12] and mlrisFP [33]. Compared with BiFC-PALM, rsEGFP2-based BiFC assay
combing with parallelized RESOLFT microscopy can provide better temporal resolution for
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PPIs detection and imaging in large fields of view (100um % 100um) in live cells. In
comparison with the recently developed BiFC-SOFI (refSOFI) approach [13] which needs
post image processing and analysis to get super-resolved PPIs images, combing BiFC with
parallelized RESOLFT microscopy can get super-resolved PPIs images robustly in real time
[14]. Thus, rsEGFP2-based BiFC assay combing with RESOLFT microscopy can serve as a
complementary strategy to the existing super-resolution techniques combined with BiFC
assays to achieve real-time PPIs detection and imaging with both high spatiotemporal
resolution and large fields of view in live cells.

Apart from super-resolution imaging discussed above, rsEGFP2-based BiFC assay could
also rival previously established Dronpa-based BiFC assay [34, 35] in PPIs detection and
tracking applications, such as tracking of organelles and intracellular molecules in living cells
mainly because of excellent photostability and larger on-off contrast ratio of rsEGFP2 over
Dronpa [36].

In summary, we report the first time to our knowledge the development, characterization
and application of BiFC assay based on reversibly photoswitchable fluorescent protein
rsSEGFP2 to detect and visualize PPIs in living cells at super-resolution level by combing
BiFC with RESOLFT techniques. As a proof of concept, through combing with parallelized
RESOLFT microscopy we demonstrated the high spatiotemporal resolving capability
rsEGFP2-based BiFC assay by detecting and visualizing specifically the heterodimerization
interactions between members of the Bcl-2 family proteins, Bel-x; and Bak as well as the
dynamics of the complex on mitochondria membrane in live HeLa cells. Our newly
developed rsEGFP2-based BiFC assay combing with parallelized RESOLFT microscopy not
only expands the fluorescent protein toolbox available for BiFC but also facilitates the
detection and visualization of PPIs at super-resolution level simultaneously with large fields
of view in live cells.
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