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SUMMARY

It has become increasingly clear that protein-protein
interactions (PPIs) are compartmentalized in nano-
scale domains that define the biochemical architec-
ture of the cell. Despite tremendous advances in su-
per-resolution imaging, strategies to observe PPIs at
sufficient resolution to discern their organization are
just emerging. Here we describe a strategy in which
PPIs induce reconstitution of fluorescent proteins
(FPs) that are capable of exhibiting single-molecule
fluctuations suitable for stochastic optical fluctuation
imaging (SOFI). Subsequently, spatial maps of these
interactions can be resolved in super-resolution in
living cells. Using this strategy, termed reconstituted
fluorescence-based SOFI (refSOFI), we investigated
the interaction between the endoplasmic reticulum
(ER) Ca2+ sensor STIM1 and the pore-forming chan-
nel subunit ORAI1, a crucial process in store-oper-
ated Ca2+ entry (SOCE). Stimulating SOCE does not
appear to change the size of existing STIM1/ORAI1
interaction puncta at the ER-plasmamembrane junc-
tions, but results in an apparent increase in the num-
ber of interaction puncta.

INTRODUCTION

Here we report the successful development of a set of molecular

tools that can reveal both constitutive and signal-induced

protein-protein interactions (PPIs) in super-resolution in living

cells, based on an enhanced Dronpa variant that we developed

and the yellow fluorescent protein (FP) Venus. In particular, we

demonstrate that using this strategy, which we termed reconsti-

tuted fluorescence-based stochastic optical fluctuation imaging

(refSOFI), it is possible to visualize the signal-induced occur-

rence of interactions between subunits of the pore forming

Ca2+ release-activated Ca2+ (CRAC) channel ORAI1 and stromal

interaction molecule 1 (STIM1) at endoplasmic reticulum (ER)-

plasma membrane (PM) junctions in super-resolution; quantify

the STIM1/ORAI1 interaction puncta, which are clusters of

labeled STIM1/ORAI1 complexes; and distinguish the changes

in number versus size upon Ca2+ store depletion.
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Highly dynamic PPI networks form the basis of virtually all

cellular processes (Bonetta, 2010; Koh et al., 2012). The subcel-

lular locations of these interactions encode information critical

for understanding the molecular logic behind cellular functions.

For instance, within the small junctions between the ER mem-

brane and PM, the STIM1/ORAI1 interaction is crucial for

store-operated Ca2+ entry (SOCE) (Carrasco and Meyer, 2011).

Protein complexes that result from PPIs are often further orga-

nized into microdomains or nanodomains. The often submicro-

scopic size of these functional domains makes it difficult to char-

acterize them using current diffraction-limited methods of

detecting PPIs, such as Förster resonance energy transfer

(FRET; Fernández-Dueñas et al., 2012; Sun et al., 2013) and

bimolecular fluorescence complementation (BiFC; Kodama

and Hu, 2012; Kerppola, 2013). Elucidation of the functional or-

ganization of protein interaction networks in living cells, there-

fore, requires the development of methods capable of resolving

PPIs at an enhanced spatial resolution.

However, currently available strategies that provide super-

resolution information focus on the visualization of individual

fluorescent molecules (Han et al., 2013). One class of super-res-

olution imaging techniques relies on the use of special illumina-

tion schemes, represented by stimulated emission depletion

(STED; Hell, 2007) and saturated structured illumination micro-

scopy (SSIM; Gustafsson, 2005). Another class is based on the

application of photoswitchable dyes for single-molecule locali-

zation or fluctuation imaging, such as photoactivated localization

microscopy (PALM; Betzig et al., 2006), stochastic optical recon-

struction microscopy (STORM; Rust et al., 2006), or stochastic

optical fluctuation imaging (SOFI; Dertinger et al., 2010).

By contrast, the number of approaches for the visualization of

PPIs at the super-resolution level is currently limited.

To develop a general method for imaging PPIs in super-reso-

lution in living cells, the formation of target protein complexes at

specific loci needs to be translated into spatially constrained

fluorescent signals compatible with super-resolution imaging.

Our strategy utilizes the interaction of a pair of target proteins

to bring complementary, non-fluorescent fragments into nano-

meter proximity and initiate BiFC (Kodama and Hu, 2012) of suit-

able FPs, which in turn generates detectable single-molecule

fluorescence fluctuations. The overall performance of this strat-

egy depends on efficient fragment reconstitution, fast chromo-

phore maturation, and robust single-molecule fluctuations from

the reconstituted FP. While photochromic properties depend
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Figure 1. Characterization of an Enhanced

cpDronpa Variant cpDMVF-181 and Devel-

opment of Its BiFC

(A) Reversible photoswitching of Dronpa and

cpDMVF upon illumination with 488- and 405-nm

laser light is shown.

(B) Fluorescence time course of the renaturation of

denatured Dronpa and cpDMVF. The decrease of

measured fluorescence from cpDMVF, observable

after approximately 200 s, is caused by fluores-

cence off-switching.

(C) Fluorescence time course of the renaturation of

denatured and reduced Dronpa and cpDMVF is

shown.

(D) Schematic representation shows the DMVF-

based constructs used in this study.

(E) Time course of DMVF reconstitution in HeLa

cells upon rapamycin- (Rap, 100 nM) induced

heterodimerization of Lyn-FRB-DMVF-181-N and

FKBP-DMVF-181-C. The maturation process is

reflected by the normalized fluorescence intensity

of reconstituted DMVF (rcDMVF) in responding

cells (n R 13; data shown as mean ± SEM).

(F) Comparison shows the fluctuation behavior of Lyn-targeted Dronpa (Lyn-FRB*FKBP-Dronpa) and reconstituted DMVF (Lyn-FRB*FKBP-rcDMVF) 4 hr after

induction with rapamycin by means of the normalized second-order SOFI value (n = 15 for Dronpa and n = 12 for rcDMVF; data shown as mean ± SEM).

(G) Scatterplot shows the comparison of the basal signal and the signal after rapamycin-induced reconstitution (4 hr) of DMVF in individual HeLa cells expressing

FKBP-DMVF-181-C and Lyn-FRB-DMVF-181-N or LifeAct-FRB-DMVF-181-N, respectively, normalized to the fluorescence of TagRFP-T-CAAX serving as an

expression marker (Lyn: n = 133 for negative control and n = 130 for positive control; LifeAct: n = 123 for negative control and n = 151 for positive control; black

horizontal line indicates mean ± SEM).
on the coupling between the fluorophore and surrounding

residues (Dedecker et al., 2013; Gayda et al., 2012), the reconsti-

tution/maturation of the chromophore depends on the effi-

cient folding of the b-can and accurate assembly of the proton

network (Remington, 2006). Fulfilling these distinct require-

ments in a single FP complicates the task of identifying suitable

fragments.

Recently, super-resolution imaging utilizing BiFC has been

demonstrated using PALM (Liu et al., 2014; Nickerson et al.,

2014; Xia et al., 2014). Although development of BiFC-PALM

represents a valuable advance, live-cell imaging requires adjust-

ments that limit its actual performance. Furthermore, PPIs that

are acutely induced through a signaling event (signal-induced

PPIs) cannot be observed over time in the same cells using

BiFC-PALM, since it uses probes that require long maturation

times and often involves photobleaching the probes upon imag-

ing, which during the reiterative cycle depletes the pool of probes

available. In this study, we developed amethod based on photo-

chromic SOFI (pcSOFI), which takes advantage of single-mole-

cule fluctuations generated when reversibly photoswitchable

FPs, such as Dronpa (Ando et al., 2004), are illuminated at spe-

cific wavelengths. Statistical analysis of the fluorescence fluctu-

ations allows super-resolution images to be computed, currently

providing an up to 3-fold enhancement of the spatial resolution

beyond the diffraction limit (Dedecker et al., 2012a; Duwé

et al., 2015; Moeyaert et al., 2014). A pcSOFI-based method

would be complementary to BiFC-PALM and provide the

following advantages, especially for live-cell experiments: the

possibility of imaging formed complexes in the same cell at mul-

tiple time points during a single experiment; improved temporal

resolution for a given imaging condition; and lower susceptibility
C

to noise, therefore being less demanding on exposure/excitation

and resulting in reduced photo-damage to cells (Dertinger et al.,

2013).

RESULTS

Identification of Complementary Dronpa Fragments
Suitable for BiFC
Given that pcSOFI initially was demonstrated using the revers-

ibly photoswitching FP Dronpa (Dedecker et al., 2012a), we

first set out to identify fragments that can successfully reconsti-

tute Dronpa. Although BiFC using Dronpa already has been

described (Lee et al., 2010), the reported long (24-hr) incubation

time effectively prohibits live-cell imaging of signal-induced

PPIs. To help identify Dronpa fragments for efficient BiFC, we

generated a series of circularly permutated (cp) Dronpa variants

based on the notion that circular permutation sites are good

predictors for generating BiFC pairs (Kodama and Hu, 2012).

cpDronpa-181 was identified as the best candidate, and its

maturation efficiency was then further improved via the known

point mutation V60A (Moeyaert et al., 2014). Random muta-

genesis identified two further mutations, M40I and F173V, which

increased in vivo brightness. The final mutant, termed cpDMVF-

181, exhibited a fluorescence off-switching rate approximately

ten times faster than that of wild-type Dronpa under similar con-

ditions (Figure 1A). With a fluorescence quantum yield of 0.65

and an extinction coefficient of 72,000 M�1cm�1, the molecular

brightness of cpDMVF is �70% that of Dronpa (0.74 and

93,000M�1cm�1). Wemeasured the refolding kinetics of purified

cpDMVF after denaturation, and we found that it renatured faster

than Dronpa while retaining a comparable level of renaturation
ell Reports 14, 390–400, January 12, 2016 ª2016 The Authors 391
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Figure 2. Reconstituted DMVF for refSOFI

(A) Schematic representation of the underlying

principle of refSOFI. Two proteins of interest (POIs)

are fused to non-fluorescent fragments of an FP

suitable for refSOFI. Upon interaction, the FP is

reconstituted, exhibits intensity fluctuations, and

can be imaged in super-resolution by acquiring an

image sequence and applying pcSOFI analysis.

(B) Representative pcSOFI image (third-order

analysis, triple-pixel density) of Lyn-FRB/FKBP/

reconstituted DMVF complexes in HeLa cells is

shown.

(C–F) Expansions of (B) display a side-by-side

comparison of a conventional TIRF image (C), a

second-order pcSOFI image (double-pixel den-

sity, D), a third-order pcSOFI image (E), and the

final deconvolved image (F), illustrating the in-

crease in spatial resolution, enhanced contrast,

and a reduction of background signal.

(G) Representative pcSOFI image (third-order

analysis, triple-pixel density) of LifeAct- FRB/

FKBP/reconstituted DMVF complexes in HeLa

cells is shown.

(H–K) Expansions of (G) are shown, analogous to

(C) through (F), respectively. Scale bar, 2 mm in all

expansions.

See also Figures S1 and S2 and Movie S1.
(Figure 1B). The recovery of cpDMVF fluorescence after com-

bined denaturation and chromophore reduction was slightly

slower than that of Dronpa (Figure 1C). These data show that

the brightness and maturation of cpDMVF was on par with

wild-type Dronpa, making it a good BiFC candidate.

Next we separated cpDMVF at the circular permutation site

and fused DMVF-181-C (C-terminal) and DMVF-181-N (N-termi-

nal) to FK506-binding protein (FKBP) and FKBP-rapamycin-

binding domain (FRB), respectively, and we used this inducible

heterodimerization system to characterize DMVF reconstitution

(Figures 1D–1F). The FRB-fused N-terminal fragment was tar-

geted to the PM using the N-terminal localization sequence of

Lyn kinase (Dedecker et al., 2012a) or to actin via Life-Act (Riedl

et al., 2008), and the FKBP-fused C-terminal fragment remained

diffusible. The induction of heterodimerization by rapamycin

(DeRose et al., 2013; Robida and Kerppola, 2009) resulted in

reconstitution of DMVF, and responding cells exhibited an in-

crease in fluorescence, which reached a plateau after�4 hr (Fig-

ure 1E). Cells of the corresponding negative control experiments

exhibited negligible fluorescence from reconstituted DMVF, in-

dependent of the targeting sequence (Figure 1G), indicating

that the occurrence of fluorescence is clearly coupled to the PPI.

Super-Resolution Imaging with Reconstituted DMVF
Weperformed a side-by-side comparison of reconstitutedDMVF

with wild-type Dronpa using the fusions FKBP-Dronpa and Lyn-
392 Cell Reports 14, 390–400, January 12, 2016 ª2016 The Authors
FRB. Average whole-cell fluorescence

intensities (3,062 ± 527 a.u., n = 15 for

Dronpa versus 5,368 ± 815 a.u., n = 12

for reconstituted DMVF) suggested that

DMVF exhibited high reconstitution effi-

ciency and was present at a level com-
parable to wild-type Dronpa. The fluctuation behaviors were

quantified using normalized pcSOFI values (Supplemental

Experimental Procedures), which are independent of the local

concentration of the fluorophore and directly proportional to the

molecular brightness and the probability of the fluorophore

residing in the off state at any given time (POFF). We found that

the averaged normalized pcSOFI values across the cell mem-

brane were 49.07 ± 4.73 a.u. (n = 15) for Dronpa and 50.99 ±

5.08 a.u. (n = 12) for reconstituted DMVF (Figure 1F), suggesting

that both chromophores behaved similarly and that reconstituted

DMVF is suitable for pcSOFI imaging. Given the lower molecular

brightness of cpDMVF, these results also indicate that reconsti-

tuted DMVF exhibits a higher POFF, which is consistent with the

observed faster off-switching of cpDMVF.

To demonstrate super-resolution imaging using DMVF, we

induced reconstitution of DMVF targeted to the membrane

(Lyn) and to actin (LifeAct) in HeLa cells, acquired image se-

quences of at least 800 frames with an exposure time of

35 ms, and performed pcSOFI analysis (Figure 2A; Movie S1).

More specifically, cross-cumulant analysis was carried out on

a pixel-by-pixel basis, obtaining a pcSOFI value for each pixel

of the newly generated super-resolution image. This value is

proportional to the number of labels, but also depends on the

molecular brightness and the switching kinetics of the dye (Sup-

plemental Experimental Procedures), thus bearing an analogy to

an intensity value of a conventional fluorescence image. An
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Figure 3. Super-Resolution Imaging Using

Venus

(A) Schematic representation shows the Venus

constructs used for super-resolution imaging.

(B) Representative pcSOFI TIRF image (third

order) of a HeLa cell expressing Venus-CAAX is

shown.

(C and D) Expansions of an area of (B) are shown,

allowing a side-by-side comparison of the average

fluorescence image (C) and the corresponding

pcSOFI image (D), which features triple-pixel

density.

(E) Representative pcSOFI TIRF image (third order)

of a HeLa cell expressing LifeAct-Venus is shown.

(F and G) Expansions of (E) are shown, analogous

to (C) and (D), respectively.

(H) Representative pcSOFI image (near-TIRF

illumination, third order) of a nucleus of a NIH

3T3 cell expressing histone H2B-Venus is

shown.

(I and J) Expansions of (H) are shown, analogous

to (C) and (D), respectively. Scale bar, 1 mm in all

expansions.

See also Figure S3.
important, open parameter for this analysis is the cumulant or-

der. While increasing the order is more demanding regarding

the source data, it results in further contrast enhancement, back-

ground reduction, and spatial resolution increase (Dertinger

et al., 2010). As a simplistic estimate, the use of nth-order calcu-

lations gives an n-fold improvement in resolution. We were able

to obtain high-quality images employing second- and third-order

analysis, which provides a 2- and 3-fold enhancement in spatial

resolution compared to conventional total internal reflection fluo-

rescence (TIRF) images (Figures 2B–2K; Figure S1), correspond-

ing to about 100 nm for the imaging equipment used. These

properties allow for the identification of details that cannot be

resolved in the conventional image (Figures 2C–2F and 2H–

2K). Overall, the obtained data suggest that super-resolution

imaging of PPIs is feasible using FP fragments derived from

Dronpa. We term this strategy refSOFI.

To demonstrate the utility of DMVF fragments beyond the

FRB/FKBP model interaction, we focused on the receptor tyro-

sine kinases (RTKs) HER2 and HER3. Their interaction in combi-

nation with overexpression is suggested to promote breast

tumorigenesis in multiple ways (Aceto et al., 2012). Previous su-

per-resolution microscopy has revealed that HER2 and HER3

individually form submicroscopic clusters (Kaufmann et al.,

2011), suggesting that direct investigation of the interaction

at super-resolution will be beneficial. HER2 and HER3 were

C-terminally tagged with the DMVF fragments, expressed in

HeLa cells, and the formation of HER2/HER3 heterodimers

was induced through a 4-hr incubation with neuregulin 1

(NRG1), which is a potent HER3 ligand that activates HER2/

HER3 signaling (Lee et al., 2014). While a no-drug control ex-

hibited no significant fluorescence, we found that NRG1 induced

the formation of small fluorescent puncta, highlighting the loca-

tions where the interaction occurred, generally resembling the

appearance of HER2 clusters shown previously (Figure S2).
C

Super-Resolution Imaging of PPIs Using Reconstituted
Venus
To further improve the versatility of our approach, we set out to

expand the molecular tool set focusing on identifying FP frag-

ments that exhibit a faster maturation upon association

compared toDMVF,which should allow following signal-induced

PPIs without much delay. The lower requirements of pcSOFI on

switching kinetics allowed us to screen a wider range of FPs than

those typically associated with super-resolution imaging. We

discovered that Venus (Nagai et al., 2002) displays robust sin-

gle-molecule fluorescence fluctuations under certain conditions,

consistent with a recent study (David et al., 2012). This observa-

tion suggested that Venusmay be suitable for pcSOFI. However,

the high molecular brightness of Venus and the low POFF can

result in a broad distribution of intensity values over the image,

making it difficult to capture single-molecule fluorescence fluctu-

ations due to the limited dynamic range intrinsic to all sensitive

cameras. To identify suitable imaging conditions, we targeted

Venus to the PM using the C-terminal CAAX sequence of KRas

(Dedecker et al., 2012a; Figure 3A), and we examined its

behavior under continuous excitation with 514-nm laser light,

during which the population of fluorescent Venus decreased

monotonically due to photobleaching. The initially very bright

signal decreased sufficiently so that single-molecule fluctuations

could be captured, which provided conditions where pcSOFI

could be used to recover super-resolution information (Figures

3B–3J; Figure S3). To test the scope of Venus-based pcSOFI,

we additionally fused Venus to the LifeAct-tag and Histone

H2B (Figure 3A), and we were able to identify structures and

complexes with enhanced resolution and contrast (Figures 3E–

3J), demonstrating the versatility of Venus-based pcSOFI.

We next tested the suitability of Venus fragments for refSOFI.

Using the well-characterized complementary fragments Venus-

173-N (VN) and Venus-173-C (VC) (Shyu et al., 2006), we
ell Reports 14, 390–400, January 12, 2016 ª2016 The Authors 393
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Figure 4. Reconstituted Venus for refSOFI

(A) Schematic representation shows the Venus-

based constructs used in this study.

(B) Representative pcSOFI TIRF image (third order)

of Lyn-FRB*FKBP/reconstituted Venus in HeLa

cells 2 hr after rapamycin treatment is shown.

(C and D) Expansions of (B) are shown, allowing a

side-by-side comparison of the average fluores-

cence image (C) and the corresponding pcSOFI

image (D).

(E) Representative pcSOFI TIRF image (third order)

of LifeAct-FRB*FKBP/reconstituted Venus in HeLa

cells 2 hr after rapamycin treatment is shown.

(F and G) Expansions of (E) are shown, analogous

to (C) and (D), respectively. Scale bar, 1 mm in all

expansions.

(H) Time course of average intensity and normal-

ized pcSOFI value of cells expressing FKBP-VC

and Lyn-FRB-VN after the addition of rapamycin

(100 nM at x = 0). The data were normalized to the

respective average values at the time x = 0 (nR 9,

data shown as mean ± SEM). It has to be noted

that the observed large error bars of the apparent

normalized value mainly results from the initial

occurrence of fluctuations and the high impact of

noise due to the low population of intact Venus

molecules at the start.

See also Figure S4 and Movie S2.
generated the fusions Lyn-FRB-VN, LifeAct-FRB-VN, and FKBP-

VC (Figure 4A). After stimulation with rapamycin, we obtained

super-resolution images comparable to those obtained using

DMVF fragments or wild-type Venus (Figures 4B–4G; Figure S4;

Movie S2). The observed cells exhibited an average normalized

pcSOFI value of 28.62 ± 2.08 a.u. (n = 16) for reconstituted Venus

and 38.86 ± 11.14 a.u. (n = 8) for wild-type Venus. This difference

is consistent with the lower molecular brightness of the corre-

sponding cpVenus (about 80%) (Meng and Sachs, 2012), and

it implies that reconstituted Venus exhibits a similar fluctuation

behavior to Venus.

The half-time of Venus complementation has been reported to

be 1 hr in living cells (Robida and Kerppola, 2009), during which

biologically important dynamics could take place. We hypothe-

sized that a sufficient number of fluorophores could be comple-

mented to allow super-resolution images to be obtained prior to

the half-time of complementation determined at the bulk fluoro-

phore level. This would permit refSOFI to monitor signal-induced

PPIs within this shorter time window. To test this hypothesis,

we acquired image sequences of responding cells at different

time points during the reconstitution process, over a period of

90 min. The average intensity was monitored to track reconstitu-

tion, while the normalized pcSOFI value was used to assess the

fluctuations. A 15-fold increase in the average intensity was

observed after 60min, whereas the apparent normalized pcSOFI

value rose to half-maximum after just 20min and started to reach

a plateau phase after 30 min. The stabilization of the value is

indicative of a pool of fluorophores exhibiting robust single-

molecule fluctuations sufficient for pcSOFI analysis. Accord-

ingly, we found that refSOFI using Venus can map structures

formed by PPI complexes approximately 30 min after the inter-

action occurs (Figure 4H).
394 Cell Reports 14, 390–400, January 12, 2016 ª2016 The Authors
The two FPs that we have identified as suitable for refSOFI,

DMVF and Venus, provide complementary characteristics for

use in different contexts. Reconstituted DMVF is reversibly

photoswitchable, making it generally useful for obtaining high-

contrast images of complex features comprised of constitutive

PPIs and robust signal-induced PPIs, and allows high-quality

SOFI images to be calculated from fewer fluorescence images.

On the other hand, Venus has a lower POFF and exhibits intensity

fluctuations on a slower timescale, which may appear as stable

fluorescence at the ensemble level at typical labeling densities.

Thus, Venus-based refSOFI may require reducing the fluoro-

phore population, for instance, by photo-bleaching, to permit

super-resolution imaging. Nevertheless, we demonstrated that

the higher rate of Venus reconstitution allows for the observation

of a stochastic fraction of PPIs within 30 min of induction, which

makes Venus highly suitable for investigating the spatial organi-

zation of acutely induced PPIs.

Investigating the Activation of CRAC Channels Using
refSOFI
SOCE is an ubiquitous pathway for extracellular Ca2+ entry into

cells and has been the subject of intense research in recent

years. The critical step of this process has been narrowed

down to a single intermembrane interaction between two pro-

teins. Upon depletion of intracellular Ca2+ stores, the ER Ca2+

sensor STIM1 oligomerizes and translocates to ER-PM junctions

where it tethers PM-localized ORAI1, leading to the formation of

functional CRAC channels within these assemblies (Deng et al.,

2009; Gwozdz et al., 2008). Various approaches, including FRET

imaging, electron microscopy, and single-particle tracking, have

been used to analyze these assemblies (Navarro-Borelly et al.,

2008; Wu et al., 2006, 2014). Recently, super-resolution imaging
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Figure 5. Applying refSOFI to Investigate

the Interactions between STIM1 and ORAI1

(A) Representative pcSOFI image (second order)

shows STIM1/ORAI1/reconstituted Venus com-

plexes in an unstimulated HeLa cell expressing

STIM1-VC, VN-ORAI1, and ER-rsTagRFP (not

shown).

(B) Image shown in (A) was scaled to the color

scale of (C) for direct comparison.

(C) Image of the cell in (B) 30 min after treatment

with 1 mM thapsigargin (TG) is shown.

(D) Schematic representation shows the con-

structs used in these experiments.

(E) Multicolor pcSOFI image displays the locali-

zation of STIM1/ORAI1 complexes (green) and the

ER (red) in this cell 30 min after TG addition.

(F and G) Expansion of an area of the average

florescence image (F) for comparison with the

corresponding pcSOFI image (G). Scale bar, 1 mm.

All images were acquired under TIRF conditions.

(H) Bar graph displays the interaction puncta

density of individual cells before and 30 min after

treatment with 1 mM TG (n = 26), illustrating the

difference between the analysis of standard TIRF

images and the corresponding refSOFI data.

(I) Analogous bar graph showing the average

interaction puncta size of individual cells under the

indicated conditions. Data are shown as mean +

SEM.

(J) Normalized frequency of the sizes of the indi-

vidual puncta detected in HeLa cells using refSOFI

presented in (I), before (n = 3,301) and 30 min after

stimulation with TG (n = 4,173). A bin size of

0.025 mm2 is used and 90% of the dataset is dis-

played for clarity.

See also Figure S5.
of ER-PM junctions has suggested a submicroscopic size on

average that does not change upon store depletion (Chang

et al., 2013); therefore, we reasoned that refSOFI provides a suit-

able strategy to resolve straightforwardly the locations where

STIM1 and ORAI1 interact in living cells at super-resolution.

Since the interaction starts to occur within minutes after stimula-

tion (Muik et al., 2008), we chose to employ Venus fragments to

map the STIM1/ORAI1 interactions induced by store depletion.

VN was fused to the N terminus of ORAI1 and VC to the C termi-

nus of STIM1 (Figure 5D), so that both fragments faced the

cytosol to facilitate complementation. An interaction would

then trigger the reconstitution of Venus, and the complexes of

STIM1, ORAI1, and reconstituted Venus then highlight mem-

brane areas where the interaction occurred, which we refer to

as interaction puncta.

Several studies have shown that the employed labeling

scheme does not affect the functionality of STIM1/ORAI1 pro-

teins (Muik et al., 2008; Navarro-Borelly et al., 2008). Further-

more, heterologous expression of both proteins has been shown

to be a reliable tool in several studies to discover and charac-

terize their interaction (Fahrner et al., 2009), since general char-

acteristics of the interaction and subsequent puncta formation

are not perturbed (Gwozdz et al., 2008). To generate a negative

control for STIM1/ORAI1 interaction, a truncated STIM1 protein

was fused to VC in place of full-length STIM1. This truncated
C

mutant (STIM1DCAD) localizes properly in cells, but lacks the

CRAC channel activation domain (CAD) and, therefore, cannot

bind and activate CRAC channels (Park et al., 2009).

To monitor the formation of STIM1/ORAI1 complexes, HeLa

cells expressing the fusion constructs (along with an ER marker

comprised of rsTagRFP [Subach et al., 2010] fused to an N-ter-

minal fragment of Cytochrome P450 [Sakaguchi et al., 1987],

ER-rsTagRFP; Figure 5D) were stimulated with the SERCA inhib-

itor thapsigargin (TG) (Treiman et al., 1998) to cause Ca2+ store

depletion. The same cells were imaged before and 30 min after

stimulation. Prior to stimulation, the cells exhibited a basal fluo-

rescent signal. Using the negative-control construct, we found

that the removal of the CAD domain decreased the fluorescence

intensity, normalized to an expression marker (Supplemental

Experimental Procedures), by about 80%, indicating that a large

part of this basal signal can be attributed to specific interactions

between STIM1 and ORAI1 and not to spontaneous association

(Figure S5). In addition, multicolor pcSOFI (Dedecker et al.,

2012a) using Dronpa and rsTagRFP for labeling showed that

the vast majorities of STIM1 and ORAI1 are not co-localized in

the absence of stimulation (Pearson’s coefficient of 0.177 ±

0.061 for STIM1, n = 13 and 0.162 ± 0.093 for STIM1DCAD,

n = 9), which is consistent with previous studies using HEK293

cells (Gwozdz et al., 2008). These findings suggest that the

pre-formed complexes are caused by sporadic interactions
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between a small fraction of STIM1 and ORAI1 molecules in the

basal state, thereby highlighting pre-existing junctions between

the ER and PM where these interactions occur sufficiently for

detection.

Next we focused on analyzing changes in the density and size

of interaction puncta in individual cells upon TG treatment. To

assess the benefit of super-resolution information in character-

izing this PPI, we performed a direct side-by-side comparison

of standard TIRF images and the corresponding refSOFI images

of the same cells. In the TIRF images, TG stimulations (n = 26)

appeared to result in a moderate increase in puncta number

(7.9± 0.9 to 11.5±0.9 puncta/100mm2) aswell as a large increase

in the average puncta size per cell (0.57 ± 0.10 to 1.16 ±

0.27 mm2), where the puncta size doubled upon treatment. In

contrast, super-resolution images obtained using refSOFI (Fig-

ures 5A–5G) revealedadifferent picture. In 18of 26cells, TGstim-

ulation induced a 2-fold increase in puncta density and a >3-fold

increase in the pcSOFI value. The non-responding cells (8 of 26

cells) showed a significantly higher puncta density in the basal

state and did not show a change in puncta density, average

size, or pcSOFI value upon TG stimulation (Gwozdz et al.,

2008). However, the lack of response may not directly result

fromSTIM1/ORAI1 overexpression, since the parental HeLa cells

show a similar variability of TG-induced calcium responses

without overexpression (Figure S5). Overall, the average puncta

density increased from 16.2 ± 2.2 to 21.9 ± 1.9 puncta/100 mm2

in cells treated with TG (Figure 5H), whereas control cells

receiving no drug treatment did not show any changes.

To allow a side-by-side comparison of the performance of

refSOFI and BiFC-PALM for this particular experiment, we re-

placed the fragments of Venus with fragments of PAmCherry1,

PAmCherry1-159-N, and PAmCherry1-160-C (Nickerson et al.,

2014); incubated the cells for several hours after the addition

of TG to account for the prolonged reconstitution kinetics; and

performed PALM imaging in live cells. Due to the small number

of reconstituted PAmCherry molecules, we could only localize

0.163 ± 0.044 molecules/mm2/s (n = 8), which is much lower

than typical results in live cells (>25 molecules/mm2/s; Shroff

et al., 2008), and the majority of molecules were isolated and

not located in punctate structures. As a consequence, the recon-

structed images provided a low density (4.7 ± 0.6 puncta/

100 mm2) of very small puncta, which did not yield much infor-

mation. These data illustrate that, using BiFC-PALM, we cannot

localize a sufficient number of reconstituted fluorophores to map

the STIM1/ORAI1 interaction and perform in-depth analysis.

The enhanced resolution and contrast provided by refSOFI

allowed us to better detect small puncta and resolve closely

positioned puncta (Figures 5F and 5G). In contrast to what we

observed using standard TIRF, we could not detect a significant

change in average puncta size (0.192 ± 0.020 to 0.239 ±

0.035 mm2) before and after TG treatment in our experiments

(Figure 5I). Additionally, the distribution of individual puncta sizes

did not change substantially (Figure 5J). These data, in conjunc-

tion with similar observations that have been reported for ER-PM

junctions (Chang et al., 2013; Wu et al., 2006), suggest that Ca2+

store depletion results in the formation of additional STIM1/

ORAI1 interaction puncta rather than the expansion of existing

interaction puncta.
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DISCUSSION

In this study, we introduced refSOFI for visualizing PPIs in living

cells in super-resolution. This method offers high sensitivity, high

spatiotemporal resolution, and a broadly applicable platform for

adaptingmany existing Venus-BiFC-based assays.We obtained

a 3-fold improvement in spatial resolution compared to the con-

ventional resolution of our imaging setup, achieving a resolution

of about 100 nm. Further optimization regarding the signal-to-

noise ratio could allow for higher order pcSOFI analysis and,

thus, a better spatial resolution. More specifically, photochromic

BiFC pairs can be engineered or further enhanced to provide

a higher molecular brightness of the reconstituted FP and a

more effective maturation while retaining photoswitching prop-

erties. In addition, other reported Venus-based BiFC assays

could be tested with refSOFI, particularly BiFC pairs that have

been optimized to further reduce self-association (Kodama and

Hu, 2010; Ohashi et al., 2012), which could lead to a lower back-

ground depending on the experimental context.

We developed two sets of refSOFI probes that exhibit different

strengths. BiFC of the photoswitchable Dronpa was optimized,

and the resulting reconstituted mutant DMVF is suitable for im-

aging complex features comprised of constitutive or inducible

long-lasting PPIs, such as the interaction between HER2 and

HER3, using refSOFI. We also demonstrated pcSOFI and re-

fSOFI with Venus, a highly engineered FP. We showed that

PPIs can be detected within 30 min of complex formation, mak-

ing Venus highly suitable for monitoring signal-induced PPIs

without much delay. Moreover, assays that use Venus fragments

can be adapted easily, which adds several prospective applica-

tions. Future development of the refSOFI tool set will involve

expanding the color palette of suitable FP fragments. While the

development of complementing fragments for photoactivatable

FPs (paFPs) is challenging, our approach to identifying and

enhancing Dronpa fragments for BiFC set an example.

One current limitation is that the fluorophorematuration in both

refSOFI and BiFC is largely irreversible, which restricts the ability

tomonitor dynamic or reversible processes. It also can introduce

a bias if the signal is integrated over a long period of time

compared to the duration of the interaction. However, this prob-

lem should not introduce a significant bias in this study, since we

observed the signal 30min after inducing the interaction, and the

signals we detected after 30 min originated with high probability

from interactions that occurred toward the beginning of the

time window. Nonetheless, the development of approaches

that exhibit reversibility would be beneficial and allow the investi-

gation of dynamic PPIs or even enzyme activities in super-reso-

lution. Another limitation is that the introduction of sensor

proteins can perturb cellular signaling. Specifically for STIM1

and ORAI1, it is known that their overexpression, which has

been used in several studies to investigate related signaling,

can directly affect STIM1/ORAI1 signaling, resulting in the ampli-

fication of Ca2+ currents and a portion of resting cells that exhibit

STIM1 puncta whose distribution did not change upon stimula-

tion (Gwozdz et al., 2008). In our study, although expression of

STIM1 and ORAI1 fusions did not result in interaction-mediated

co-localization in unstimulated cells, we could detect a basal

signal that was largely dependent on a functional STIM1/ORAI1



interaction interface. Future studies usingaCRISPR/Cas9-based

biosensor-knockin approach (Krentz et al., 2014) could deter-

mine whether this small amount of basal interactions occurs at

the endogenous level.

A BiFC-PALM approach was developed recently using

PAmCherry1, which involves a straightforward adaption of

mCherry BiFC to PAmCherry. This method was demonstrated

by imaging abundant, constitutive PPIs in fixed cells, as well

as by single-molecule tracking (Nickerson et al., 2014). In addi-

tion, fragments of PAGFP have been used to localize and char-

acterize constitutively formed protein dimers (Xia et al., 2014).

Moreover, the paFP mEos3.2 has been used to demonstrate

BiFC-PALM, predominantly in bacteria, to investigate constitu-

tive PPIs (Liu et al., 2014). Although these PALM-based tech-

niques currently provide greater spatial resolution enhancement

than SOFI-based methods under optimal conditions, refSOFI

can serve as a complementary strategy, since it offers several

advantages that allow outperforming BiFC-PALM depending

on the experimental context. First, the relaxed requirements on

switching kinetics of dyes allow for the use of labels that are

not suitable for PALM, such as Venus, where we could take

advantage of its fast maturation and follow signal-induced

PPIs without much delay. Furthermore, refSOFI provides a bet-

ter temporal resolution under comparable conditions (due to the

shorter total exposure time required for generating a super-res-

olution image), a better live-cell imaging compatibility (due to

higher tolerance to noise and labeling density; Dertinger et al.,

2013), and the capability to repeatedly follow signal-induced

PPIs. It has to be noted that suboptimal live-cell imaging condi-

tions for BiFC-PALM can be addressed by either higher excita-

tion power or exposure, which results in more photodamage,

and/or adjustments of parameters that effectively reduce the

resolution and sensitivity. In our hands, BiFC-PALM with PAm-

Cherry did not yield much information when applied to STIM1/

ORAI1, showing only a low density of very small interaction

puncta, whereas refSOFI provided an information-rich assess-

ment of the size and density of STIM1/ORAI1 interaction puncta

in living cells.

While the interaction between STIM1 and ORAI1 has been

investigated by FRET, co-localization, andBiFC (Navarro-Borelly

et al., 2008; Wei-Lapierre et al., 2013; Yuan et al., 2009), super-

resolution imaging techniques have only been applied to inves-

tigate related aspects, but not the interaction per se. Single-par-

ticle tracking of STIM1 and ORAI1 has been used to study the

effect of store depletion on their diffusion behavior, showing

that ORAI1 is effectively trapped in STIM1 puncta (Wu et al.,

2014). Moreover, STED microscopy has been employed to

directly investigate ER-PM junctions, demonstrating a submicro-

scopic size of about 0.05 mm2 on average and no significant

change of size upon store depletion (Chang et al., 2013).

Although ER-PM junctions serve as platforms for the interaction

between STIM1 and ORAI1, the interaction may only occur in a

subset of junctions and exhibit different dynamics (Carrasco

and Meyer, 2011). For instance, it has been shown that mecha-

nisms exist that render the translocation of STIM1 polarized or

localized (Lioudyno et al., 2008; Lur et al., 2009). We used re-

fSOFI to directly investigate STIM1/ORAI1 interactions in su-

per-resolution, and our data indicated that Ca2+ store depletion
C

resulted in the formation of new, closely localized interaction

puncta with no significant change of the average size or substan-

tial impact on the size distribution within the resolution of our

imaging. The sizes of STIM1/ORAI1 interaction puncta are

potentially limited by the number of ORAI molecules recruited

to the STIM1 oligomer by the size of the region to which they

are recruited or by the local concentration of STIM1. Overall,

our observations regarding the interaction puncta follow the

behavior that was reported for ER-PM junctions using super-res-

olution imaging (Chang et al., 2013). refSOFI is critical for these

findings, since this assay provides greater precision in deter-

mining the number and size of closely positioned puncta

compared to standard TIRF imaging. Thus, the ability to map

PPIs in super-resolution in living cells is instrumental in providing

insights into biological processes involving the formation of sub-

microscopic features by PPIs.
EXPERIMENTAL PROCEDURES

Construct Generation

Standard cloning procedures were performed, including PCR with specific

primers using Phusion polymerase (New England Biolabs), enzymatic DNA re-

striction (Thermo Scientific), and ligation using T4 DNA ligase (New England

Biolabs). DH5a E. Coli cells were employed for cloning and amplification of

plasmids. For expression in mammalian cells, DNA fragments were cloned

into a pcDNA3 vector (Life Technologies) with a modified multiple cloning

site. Details are provided in the Supplemental Experimental Procedures. All

constructs were verified by sequencing. Plasmids encoding ORAI1 and

STIM1were kindly provided by Dr. Paul Worley, FRB and FKBPwere generous

gifts of Dr. Takanari Inoue, HER2 and HER3 were generously provided by

Dan Leahy (all Johns Hopkins University), GCaMP3 was kindly supplied by

Dr. Loren Looger (Janelia Research Campus), and histone H2B was obtained

from the Ultimate ORF collection (Life Technologies).

Cloning, Mutagenesis, and Screening of cpDronpa

Specific primers were used to generate cpDronpa inserts from a tandem

construct of two Dronpa genes (Supplemental Experimental Procedures) for

screening and mutagenesis. Rational mutagenesis and random mutagenesis

were performed as previously described (Miyazaki and Takenouchi, 2002; Sa-

wano andMiyawaki, 2000). After overnight growth of transformed JM109(DE3)

cells on Luria broth (LB) agar plates, the colonies were screened for brightness

and photochromic behavior using a home-built colony-screening system.

This setup consisted of a high-power Xenon lamp (Max-302, Asahi Spectra),

appropriate emission (530/40 nm) and excitation (400/30 nm, on-switching

and 480/40 nm, fluorescence and off-switching) filters, an electron-multiplying

charge-coupled device (EMCCD) camera (Cascade 512B, Photometrics), and

a watercooling unit. All illumination and detection settings were controlled by

custom software, making use of Igor Pro (WaveMetrics). Bright switchable

clones were picked and grown, and the plasmid DNA was extracted and

sequenced (LGC Genomics).

Characterization of Purified Proteins

FPs were purified following standard protocols (Supplemental Experimental

Procedures) and characterized using a home-built laser setup, as described

previously (Moeyaert et al., 2014). Quantum yields were determined at

473 nm excitation with respect to EGFP in Tris-HCl/NaCl (TN) buffer (QY =

0.60) and fluorescein in 0.1 M NaOH (QY = 0.95). Extinction coefficients

were determined according to Ward’s method (Ward, 1981) using the value

of EGFP (53,000 M�1cm�1) as a control.

Reversible photoswitching wasmeasured by following both the absorbance

and fluorescence emission of an FP solution with an optical density of approx-

imately 0.2 in TN buffer. The protein solution was illuminated for 30 steps of

60 s with 488-nm laser light, followed by ten steps of 60 s with 405-nm laser
ell Reports 14, 390–400, January 12, 2016 ª2016 The Authors 397



light. The laser powers used were 1.07 and 15.2 mW for the 405- and 488-nm

illuminations, respectively.

Denaturation/renaturation experiments were carried out as described previ-

ously (Reid and Flynn, 1997; Supplemental Experimental Procedures).

Cell Culture and Transfection

HeLa and NIH 3T3 cells were grown in DMEM growth media (Mediatech), con-

taining 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin, and

maintained at 37�C in an atmosphere of 5% CO2. Cells were seeded in sterile

35-mm glass-bottom imaging dishes and transfected at a confluency of about

70%, using Lipofectamine 2000 (Life Technologies) following the manufac-

turer’s protocol. After incubation for 24 hr, the cells were washed twice with

Hank’s balanced salt solution (HBSS, 14065, Life Technologies) buffer con-

taining 1.26 mM Ca2+, and subsequently imaged in HBSS buffer at room

temperature.

TIRF Microscopy

The TIRF imaging setup consisted of an Eclipse Ti microscope (Nikon), a per-

fect focus system (Nikon), a 1003 oil-immersion objective (numerical aperture

[NA] 1.49), an Evolve 512 EMCCD camera (Photometrics), and a laser TIRF

system (Nikon). For illumination, a 40-mW 440-nm diode laser (JDSU), a

25-mW 457- to 514-nm argon laser (JDSU), and a 100-mW 561-nm Sapphire

diode laser (Coherent) were employed. Acquired images have a dimension of

512 3 512 pixels and an optical pixel size of 160 nm. The components were

controlled with the software package NIS elements (Nikon). Laser power,

electronic gain, and TIRF angle were held constant during all experiments. In

general, time-lapse image sequences for pcSOFI analysis were captured for

30 s with an exposure time of 35 ms and no delay interval, resulting in the

acquisition of about 800 frames per imaging experiment. Conventional TIRF

images were acquired using exposure times of 100–500 ms, which were

kept consistent during experiments. Detailed descriptions of individual exper-

iments are provided in the Supplemental Experimental Procedures.

pcSOFI Analysis

The Localizer software package (Dedecker et al., 2012b), implemented in Igor

Pro (WaveMetrics), was used to perform second- and third-order SOFI anal-

ysis on the recorded image sequences, as described previously (Dedecker

et al., 2012a). Subsequently, the pcSOFI image was deconvolved using the

built-in Richardson-Lucy algorithm (Igor Pro) with the following parameters:

three iterations and a Gaussian point spread function (PSF) with an SD of

1.5 pixels. Average intensity images resembling conventional TIRF images

were generated by averaging the intensity values of each pixel over the whole

image sequence. The pcSOFI analysis provides values for every pixel (pcSOFI

values), and the information this value provides and ways it can be used

to evaluate image data are described in the Supplemental Experimental

Procedures.

Epifluorescence Microscopy

The epifluorescence imaging setup consisted of an Axiovert 200MMicroscope

(Zeiss), a 403 oil-immersion objective (NA 1.3), a MicroMAX CCD Camera

(Princeton Instruments), and an XBO 75 xenon arc lamp. The MetaFluor Soft-

ware (Molecular Devices) was used to control the components.

PALM

The PALM imaging setup consisted of an IX-71 inverted microscope

(Olympus), a 603 TIRFM oil-immersion objective (NA 1.45), and an iXon

DU897E EMCCD camera (Andor Technology). To activate and excite

PAmCherry1 simultaneously, a 50-mW CUBE 405-nm laser (Coherent), a

100-mW 561-nm Sapphire solid-state laser (Coherent), and a dual-band emis-

sion filter (510/19 and 620/20 nm, Chroma Technology) were used. Image

sequences of 4,000 frames were recorded with an exposure time of 35 ms

per frame and an imaging area of 150 3 150 pixels. For analysis and image

reconstruction, we employed the localizer software package (Dedecker

et al., 2012b), implemented in Igor Pro (WaveMetrics). For analysis, the default

settings were used with a GLRT Insensitivity of 15 and an SD of the PSF of 1.5

pixels. For reconstruction, the pixel size and the PSF model used for plotting
398 Cell Reports 14, 390–400, January 12, 2016 ª2016 The Authors
were chosen to mimic the properties of second-order pcSOFI images

(80-nm pixel size, Gaussian PSF model with a FHWM of 120 nm).

Imaging Data Analysis

Imaging data were analyzed using Fiji (Schindelin et al., 2012). Experiment-

specific details are provided in the Supplemental Experimental Procedures.

Statistical Analysis

Statistically significant differences between datasets were identified using

Student’s t test. Significance levels were indicated as follows: *p < 0.05,

**p < 0.01, and ***p < 0.001. Point and bar graphs illustrate the mean value

with error bars showing the SEM.
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