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Tracing Reversible Light-Induced Chromatin Binding
with Near-infrared Fluorescent Proteins
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Abstract

Blue light-induced chromatin recruitment (BLInCR) is a versatile optogenetic tool to enrich effector
proteins at specific loci within the nucleus using illumination in the 400–500 nm range. The resulting
chromatin binding reaction is reversible on the time scale of minutes. BLInCR is advantageous over ligand-
binding induced methods since it does not require a change of growth medium for the relatively slow
depletion of the inducer from the nucleus. However, applying BLInCR for reversibility experiments is
challenging because of the need to spectrally separate light-induced activation from visualization of the
chromatin locus and effector and/or reader proteins by light microscopy. Here, we describe an improved
BLInCR protocol for light-dependent association and dissociation of effectors using the near-infrared
fluorescent protein iRFP713. Due to its spectral properties, iRFP713 can be detected separately from the
red fluorescent protein mCherry. Thus, it becomes possible to trace two proteins labeled with iRFP713 and
mCherry independently of the light activation reaction. This approach largely facilitates applications of the
BLInCR system for experiments that test the reversibility, persistence, and memory of chromatin states.

Key words Optogenetics, Transcription activation, Automated microscopy, Image quantification,
Chromatin binding

1 Introduction

Optogenetic proteins switch their conformation when illuminated
with light of a certain wavelength range and revert to their original
conformation in the absence of this trigger [1]. When exploiting
the light-dependent reversibility—an inherent advantage of opto-
genetic systems—for microscopy studies, the repertoire of usable
fluorescent protein tags is limited to excitation wavelengths outside
the range that induces photoswitching. Two widely used blue light-
induced photoswitches are the PHR domain from Arabidopsis
thaliana [2, 3] and the LOV2 domain from Avena sativa [4, 5],
which change their interaction properties in response to blue light.
Fluorescently tagged proteins used in combination with these
photoswitches need to be excited with green or longer wavelength
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light to visualize them without inducing photoswitching
[3, 6]. Thus, commonly used fluorescent proteins such as CFP,
GFP or YFP are not suited. Red fluorescent proteins such as
mCherry (λex ¼ 587 nm, λem ¼ 610 nm) [7] are compatible with
the excitation wavelength requirements. However, it is often desir-
able to monitor a second protein independently of the photoswitch
trigger, for example, to determine the location of the chromatin
locus of interest or to include a functional readout for the recruited
effector. To address this issue, fluorescent proteins with near-infra-
red emission [8] such as iRFP713 (λex ¼ 690 nm, λem ¼ 713 nm)
[9] can be used (see Note 1). By sequential image acquisition on a
confocal fluorescence microscope with λex1 ¼ 633 nm and
λex2 ¼ 561 nm and appropriately selected detection windows, the
iRFP713 and mCherry signals can be spectrally separated and
recorded without inducing blue light-dependent photoswitching
(Fig. 1).

BLInCR relies on the PHR domain that switches to a confor-
mation that is permissive for interaction with CIBN when illumi-
nated with blue light [10]. In this system, CIBN is fused to a
nuclear protein that adopts a specific localization in the nucleus
(e.g., reporter gene arrays, telomeres, nucleoli, PML nuclear bodies
or the nuclear lamina). Blue-light illumination in the 400–500 nm
range results in high local concentration of PHR-fused effector
proteins at the target site. This approach was applied previously to
dissect gene expression kinetics by fusing CIBN to TetR and PHR
to the transcriptional activator VP16 or a nuclear localization signal
(NLS, mock effector) [10]. A detailed protocol for this application
can be found elsewhere [11]. The U2OS 2-6-3 cell line [12] was
used for these experiments. It contains an array consisting of repet-
itive, promoter-proximal binding sites for LacI and TetR and a
reporter cassette comprising a gene with MS2 loops that codes
for peroxisome-targeted CFP (Fig. 2a). Previously, we used a
GFP array marker to visualize the reporter array in this cell line.
Since GFP-based imaging is incompatible with reversibility experi-
ments, we recorded z-stacks of the mCherry-tagged effector to
ensure that we capture the entire signal from the array [10].
Here, we provide a detailed protocol for recording effector and
localizer fluorescence independently of the BLInCR blue light
trigger via mCherry and iRFP713 fusions. This approach reduces
the imaging time (and thereby photobleaching) and simplifies the
image analysis (Fig. 2b, c). In addition, recruitment and reversibil-
ity can be characterized with the same constructs in the same cell.
This is beneficial for rigorously resolving differences among indi-
vidual cells during complex activation-deactivation patterns.
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2 Materials

2.1 Cell Culture 1. Reporter cell line U2OS 2-6-3 [12] or other cell line contain-
ing repetitive arrays of tetO or lacO that can be bound by TetR
or LacI, respectively (see Note 2).

2. Low glucose (1.0 g/L) DMEM without phenol red (Thermo-
Fisher Scientific Inc., USA) supplemented with 10%
tetracycline-free fetal bovine serum (FBS), 2 mM stable gluta-
mine, 1� Penicillin/Streptomycin.
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Fig. 1 Fluorescent proteins used for BLInCR reversibility experiments. (a) Excitation (dashed line) and emission
(solid line) spectra of the red fluorescent protein mCherry and the near-infrared fluorescent protein iRFP713.
The spectra are normalized to their respective maxima. (b) For the experiments described here, fluorescence
is recorded in two sequential scans with the excitation wavelength (λex) marked by a solid vertical line and the
emission detection window marked by grey boxes. The emission spectra are scaled to the relative excitation
at the excitation wavelength λex. ex, excitation; em, emission
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Fig. 2 Setup for BLInCR experiments with iRFP713. (a) The U2OS 2-6-3 cell line [12] contains promoter-
proximal tetO and lacO arrays for TetR and LacI binding, respectively, that can be targeted by corresponding
localizers fused to CIBN. In addition, it contains reporters for RNA (MS2) and protein (peroxisome-targeted
CFP) readouts. (b) Schematic representation of pre recruit, recruit, and post recruit events for effector BLInCR
to tetO arrays. The fluorophores can be visualized at every step independently of blue light-induced effector
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3. Phosphate-buffered saline (PBS).

4. 0.05% trypsin/0.02% EDTA in PBS.

5. 8-well Lab-Tek chambers (ThermoFisher Scientific Inc.) or any
other cell culture dish that is suitable for live cell microscopy
(see Note 3).

6. Xtreme Gene 9 (Roche, Germany) or any other suitable trans-
fection reagent (see Note 4) as well as transfection media, if
needed (e.g., Opti-MEM for Xtreme Gene 9).

7. BLInCR constructs: CIBN-TetR-iRFP713 (localizer, see
Note 5), PHR-mCherry-VP16 (effector, Addgene #103821),
PHR-mCherry-NLS (mock effector, Addgene #103819) (see
Note 6).

8. Nontransparent Styrofoam box (see Note 7).

9. Red flashlight (see Note 7).

2.2 Microscope 1. A confocal laser scanning microscope. Here, a Leica SP5
equipped with an HCX PL APO lambda blue 63.0 � 1.40
OIL UV objective is used.

2. Lasers for excitation at 488 nm, 561 nm and 633 nm.

3. Optional: Excitation/emission filter sets (e.g., Leica TX2 (see
Note 8).

4. A chamber for incubation at 37 �C/5% CO2 that can be
protected from light. A microscope incubator box and control
device from EMBLEM Technology Transfer GmbH, Germany
is used in our work.

2.3 Software 1. LAS AF microscopy software (Leica).

2. Fiji distribution [13] of ImageJ [14], version 2.0.0.

3. R, version 3.5.2.

4. R package EBImage, version 4.24.0 [15].

5. R package nlme, version 3.1–137 [16].

�

Fig. 2 (continued) recruitment. iR713, iRFP713; mCh, mCherry. (c) Representative confocal laser scanning
microscopy images for reversibly recruiting an mCherry-labeled mock effector (PHR-mCherry-NLS). The array
location is marked by CIBN-TetR-iRFP713 (right, top). Prior to light induction, PHR-mCherry-NLS is evenly
distributed throughout the cell (left, top). Upon illumination at 488 nm, it accumulates at the array within
seconds (middle). After recruitment, it dissociates again in the absence of blue light (left, bottom) within
10-20 min. Notably, the iRFP713-tagged localizer construct can be detected continuously (right, bottom). The
time points for the localizer constructs (right, bottom) are the same as for the effector (left, bottom). Note that
iRFP713 is susceptible to photobleaching (see Note 1). Image intensities have been adjusted nonlinearly
(gamma transformation) to improve the visibility. Scale bars: 5 μm; insets: 2� magnification
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3 Methods

The protocols provided here were applied to the characterization of
reversible association to and dissociation from a gene array in a
reporter cell line (Fig. 2b). The use of iRFP713 and mCherry in
these assays can be easily adapted for tagging other loci (telomeres,
nucleoli, nuclear lamina, PML bodies, etc.) or readouts (e.g., MS2
coat protein to detect RNA carrying MS2 loop sequences) [11].

3.1 Cell Culture U2OS 2-6-3 cells are cultured at 37 �C in 5% CO2. They should be
passaged every 3–4 days and can be frozen in DMEM containing
10% DMSO and 40% FBS.

1. Seed U2OS 2-6-3 cells in a dish that is compatible with live cell
microscopy (e.g., Lab-Tek slides). To this end, passage the cells
according to standard cell culture protocols. They should be
50–90% confluent on the next day for transfection.

2. On the next day, transfect cells with a localizer and an effector
construct (e.g., CIBN-TetR-iRFP713 and PHR-mCherry-
VP16 or -NLS) according to the manufacturer’s protocol (see
Note 9). Take care to protect transfected cells from light by
placing them in a nontransparent Styrofoam box and by mini-
mizing handling. It is recommended to transfect two wells and
use one for searching the right focal plane using the ocular and
one for the actual measurements.

3.2 Microscopy The microscopy part of the experiment can be carried out 18–48 h
after transfection for the constructs described here. Shorter trans-
fection times might lead to incomplete maturation of the con-
structs whereas dilution or loss of the constructs will increase at
longer transfection times. The imaging parameters given here pro-
vide reasonable time resolution for rapid recruitment and sufficient
spatial resolution to reliably locate the array. Depending on the
application and the used constructs, the temporal and spatial reso-
lution should be adjusted. We have recorded high-resolution
images before and after recruitment and after the reversibility series
to be able to assess the amount of prerecruitment and residual
enrichment of the effector construct at the array. All multicolor
images are recorded using the “between lines” sequential scan
modus to ensure that the images from the different scans are
aligned.

1. Preheat the incubation chamber about 1 h prior to imaging to
ensure that the microscope optics are at a constant tempera-
ture, thereby limiting drifting during the acquisition.

2. Place the cells on the microscope using the red flashlight.
During the transfer, switch off all other (blue/white) light
sources including computer screens.

176 Anne Rademacher et al.



3. Search for transfected cells using the ocular and an appropriate
filter cube (e.g., Leica TX2 or Y5, see Note 8).

4. Set up sequential imaging in the LAS AF software with two
scans. Use the following excitation/emission parameters
(Fig. 1b): scan #1 (iRFP713), excitation at 633 nm, emission
detection at 645–800 nm; scan #2 (mCherry), excitation at
561 nm, emission detection at 575–620 nm.

5. Use laser excitation and PMT detection in the microscope
software to find a transfected cell (see Note 10). This should
be done in a well that has not been used to initially search for
transfected cells (in step 3) to minimize premature light expo-
sure for the cell of interest.

6. Zoom in (e.g., zoom factor 9 corresponding to 53.5 nm per
pixel) and adjust the excitation intensities, so that no pixels are
saturated (see Note 11). Use the localizer channel (i.e.,
scan #1, iRFP713) to make sure that the array is in focus.

7. Record prerecruitment images (see Note 12). High quality:
512�512 px, 400 Hz line scan frequency, 4� line average
(Fig. 2c). Low quality (optional): 256�256 px, 1400 Hz line
scan frequency, 1� line average.

8. Exclude scan #1 and switch on the 488 nm laser (in addition to
the 561 nm laser) in scan #2. Record a recruitment series with
the same low-quality parameters as in step 7 (see Note 13,
Fig. 2c). The frame time should be minimized (204 ms for
the abovementioned imaging parameters).

9. Switch off the 488 nm laser in scan #2 and include scan #1
(iRFP713).

10. Optional: Record a high-quality image (parameters as listed in
step 7) immediately after the recruitment.

11. Reduce the line average to 1� to limit photobleaching and
record a dissociation series of both channels (90 frames, 15 s
frame time, 512�512 px, 400 Hz line scan frequency, seeNote
14, Fig. 2c).

12. Optional: Record a high-quality image with the parameters
listed in step 7 (end-point).

13. Move on to the next cell and repeat steps 5 through 12.

3.3 Recruitment

Analysis

The analyses of the recruitment time series were carried out essen-
tially as described previously [10] (see Table 1). Image analysis was
done in ImageJ and additional analyses were done using R.

1. Load the recruitment stack into ImageJ.

2. Make a maximum intensity projection of the time series stack
(Image ! Stacks ! Z Project. . .). This projection serves to
determine the area that is occupied by the array over the entire
time course.
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3. Select a circular region around the array and add the selection
to the ROI manager (Analyze ! Tools ! ROI Manager. . .).

4. Optional: create a mask from the selection and save it for
documentation purposes (Edit ! Selection ! Create Mask).

5. Repeat steps 3 and 4 for a nuclear reference (see Note 15) and
background region (Fig. 3a).

6. Select the recruitment series, then select the three ROIs in the
ROI manager and measure their mean fluorescence intensity
(ROI Manager ! More >> ! Multi Measure, Fig. 3a).

7. Save the data and load it into R.

8. Subtract the mean background intensity Iback(t) from the mean
intensity of the nuclear reference region Inuc(t) and fit the
resulting (decaying) background-corrected reference intensity

Table 1
BLInCR association and dissociation kinetics determined with different fluorophores or imaging
settings

Experiment Effector Localizera
z-axis
imageb

Data fit
approachc

Characteristic
timed

Association PHR-mCherry-
VP16

CIBN-TetR-
iRFP713

Single Individual
Global

8.2 � 6.1 s
8.0 � 5.3 s

PHR-YFP-
VP16 e

CIBN-TetR-
tagRFP-T

Single Individual
Global

11.9 � 5.6 s
10.9 � 3.5 s

PHR-mCherry-
NLS

CIBN-TetR-
iRFP713

Single Individual
Global

8.6 � 4.0 s
9.2 � 3.9 s

PHR-YFP-
NLS e

CIBN-TetR-
tagRFP-T

Single Individual
Global

25.9 � 12.3 s
19.4 � 3.2 s

Dissociation PHR-mCherry-
VP16

CIBN-TetR-
iRFP713

Single Individual 4.4 � 0.8 min

PHR-mCherry-
VP16f

CIBN-TetR Stack Individual 4.9 � 0.8 min

PHR-mCherry-
NLS

CIBN-TetR-
iRFP713

Single Individual 5.1 � 0.5 min

PHR-mCherry-
NLS f

CIBN-TetR Stack Individual 4.8 � 0.6 min

aTo reliably localize the reporter array either a fluorescently labeled CIBN-LacIR or CIBN-LacI construct can be used
bKinetics were recorded either by imaging one optical section (“single”) or by recording image stacks (typically 4-6

optical sections, spaced 0.4–0.5 μm apart)
cFor the individual fit procedure, all parameters in the fit equation given in step 10 were determined for each single cell.

For the global fit procedure, the rates k1 and k2 were fitted globally considering all cells from all association experiments

listed here (n ¼ 61). This assumes that the underlying rate processes, which recapitulate PHR photoswitching as well as
PHR-CIBN and PHR-PHR association, are identical for the different constructs. The plateau value a as well as the

contributions of the different rate processes to the overall binding kinetics b and cwere fitted individually for each cell also

in the global fit procedure
dThe characteristic time refers to the time at which 50% of the effector has associated to (τ1/2) or dissociated from (t1/2)
the localizer protein bound to the array. The mean and standard deviation (n > 10 for all cases) is displayed
eData from ref. [10] were analyzed to retrieve averaged results from individual fits. The global fit results differ slightly

from the previously published data since they were analyzed with the new data from recruitment to CIBN-TetR-iRFP713

described here
fValues reported previously in ref. [10]
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Iref(t) ¼ Inuc(t) � Iback(t) with a single exponential to estimate
mCherry bleaching (see Note 16, Fig. 3a): Iref(t) ¼ aref � exp
(�kbleach � t), for example, by using the nls function from the
nlme package in R.

9. Subtract the mean intensity of the reference region Inuc(t) from
the mean intensity of the array Iarray(t) and correct the resulting
net array signal I(t) ¼ Iarray(t) � Inuc(t) for bleaching using the
estimated bleach parameter from step 8: E(t) ¼ I(t)/exp
(�kbleach � t).

Fig. 3 Measuring BLInCR association kinetics. (a) Quantification of images. Regions of interest (ROIs) for array,
nuclear reference region and background were selected manually on a maximum intensity projection of the
300 recruitment frames. Mean intensities in the three ROIs are measured for each frame (left), yielding the
mean intensity traces (center). Photobleaching of mCherry was estimated from the nuclear area and the
background mean intensity traces (right). (b) Data analysis. Single bleach- and nuclear background-corrected
array intensities (left) are fitted to a model assuming two parallel first-order reactions (see Note 17).
Measurements of several cells are normalized to account for different transfection efficiencies and averaged
(right) to be able to compare the recruitment kinetics of different effectors. The average and standard
deviations of VP16 (n ¼ 12) and the mock effector NLS (n ¼ 12) as well as the respective fits of the average
curves are displayed. The times to reach half-maximal intensities are listed in Table 1
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10. Fit the bleach-corrected effector enrichment at the array E(t)
(Fig. 3b, left) with a double exponential E(t) ¼ a � b � exp
(�k1 � t) – c � exp(�k2 � t) (seeNote 17), for example, using the
nls function from the nlme package in R.

11. Retrieve the characteristic time to reach half-maximal levels
τ1/2 from the model in step 10 and the half-maximal level
E(τ1/2) (see Note 18) by solving 0 ¼ b (1 � 2 � exp
(�k1 � τ1/2)) + c (1 � 2 � exp(�k2 � τ1/2)), for example,
using the uniroot function in R.

12. Optional: Normalize the enrichment E(t) to the plateau
value a to account for different transfection efficiencies:
Enorm(t) ¼ E(t)/a. The traces that are normalized in this
way can be used to calculate an average enrichment curve as
shown in Fig. 3b (right).

13. Repeat steps 1 through 12 for all cells.

14. Remove cells that moved during image acquisition or had a
very low signal-to-noise ratio.

3.4 Reversibility

Analysis

While the light-induced association reaches a plateau within a min-
ute (Fig. 3), the analysis of the dissociation kinetics requires image
acquisition on a time scale that is at least an order of magnitude
larger (Table 1). During this longer acquisition time period, cells
frequently undergo considerable movements and deformation that
need to be accounted for in the analysis. Hence, nuclei and array
regions were selected semiautomatically in each time frame based
on intensity thresholds. The R package EBImage was used for this
purpose. Alternatively, this task can also be accomplished with
ImageJ (Image ! Adjust ! Threshold. . .).

1. Concatenate a (high-quality) prerecruitment image with the
reversibility series (e.g., using ImageJ: Image ! Stacks ! Tools
! Concatenate. . .).

2. Load the image series into R using the EBImage package.
Alternatively, load the image series into ImageJ.

3. Use the PHR-mCherry-effector channel to segment the nuclei
in each frame of the time series (see Note 19, Fig. 4a).

4. Use the CIBN-iRFP713-localizer channel to segment the array
in each frame of the time series (see Note 20, Fig. 4a).

5. Create a mask of the nucleus without the array by subtracting
the array mask from the whole nucleus mask. This selection will
be referred to as “nucleus” subsequently.

6. Measure the mean fluorescence intensity in the respective selec-
tions for each time point (Fig. 4a).

7. Optional: Load the intensity data into R if ImageJ was used for
segmentation.
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Fig. 4 Measuring BLInCR dissociation kinetics. (a) Quantification of images. The nucleus and array ROI were
segmented based on intensity thresholds in the PHR-mCherry-NLS and the CIBN-TetR-iRFP713 image,
respectively (top). The array mask was subtracted from the nucleus mask to yield the nucleus without
array (middle). The masks were created for each frame and their mean fluorescence intensity was measured
(bottom). Scale bars, 5 μm. (b) Data analysis. Bleach-, and nuclear background-corrected array intensities are
corrected for the initial prerecruitment value (see Note 22) for individual cells and fitted to an exponential
decay with a time-dependent (i.e., concentration-dependent) rate similar to the model described in ref. [17]
(top). Multiple measurements are normalized to account for different effector expression and averaged to
compare the recruitment kinetics of different effectors (bottom). The average and standard deviations of VP16
(n ¼ 11) and the mock effector NLS (n ¼ 12) are displayed. The resulting half-life times t1/2 are listed in
Table 1
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8. Calculate the enrichment of fluorescence intensity at the array
Earray from the array intensity Iarray(t) and the nucleus intensity
(array excluded) Inucleus(t) and correct it for bleaching (see
Note 21): Earray(t) ¼ (Iarray(t) � Inucleus(t))/Inucleus(t).

9. Subtract the array enrichment of the “pre” image recorded
before the initial recruitment from the array enrichment (see
Note 22): E(t) ¼ Earray(t) � Earray(“pre”).

10. Fit the corrected array enrichment E(t) (Fig. 4b, top), for
example using the nls function from the nlme package in R. A
single exponential with a time-dependent (i.e., concentration-
dependent) rate can be used E(t) ¼ a � exp(�k � tm) + c
[17]. For alternative models see Note 23.

11. Determine the characteristic half-life t1/2 from the model in
step 10 and the half-maximal level E(t1/2) (see Note 18) by
solving 0 ¼ 2 � exp(�k � t1/2m) � 1, for example, using the
uniroot function in R.

12. Optional: Normalize the cells to their respective initial levels
(Enorm(t) ¼ E(t)/(a + c)) to calculate an average curve as in
Fig. 4b.

4 Notes

1. The main limitation of using iRFP713 for BLInCR applica-
tions is its relatively low brightness and high susceptibility to
photobleaching. This is less of an issue for tracing the reporter
array used here, which has a high number of fluorophore
binding sites. However, for other applications where detection
sensitivity is crucial, for example, for tracing RNA production,
iRFP713 is not well-suited. Since the development and
improvement of autofluorescent proteins with near-infrared
emission is currently an active research area [8], we anticipate
that brighter and more photostable constructs will become
available. Recently, iRFP670 (λex ¼ 643 nm, λem ¼ 670 nm)
[18] and miRFP670nano (λex ¼ 645 nm, λem ¼ 670 nm) [19]
have been introduced but we have not tested them yet. We
expect them to be applicable for BLInCR reversibility experi-
ments with the protocol used here when adjusting for their
somewhat different spectral properties.

2. In principle, any cell type that expresses the tagged protein
constructs needed is suitable for BLInCR. We have chosen
U2OS 2-6-3 for its transcription reporter, its easily detectable
single array and its high transfection efficiency.
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3. Alternatively, 10-well CELLview slides (Greiner Bio-One
GmbH, Germany) can be used, which have black walls between
the wells to limit stray light from imaging in a neighboring well.
However, we did not observe a difference as compared to the
transparent walls of the Lab-Tek slides, in particular when
using laser excitation for imaging. In contrast, observing cells
through the ocular with a mercury vapor lamp causes more
stray light, which can cause premature photoswitching
(depending on the filter sets and light intensities used).

4. To limit premature light exposure, it is advantageous to use a
transfection reagent that does not need to be removed from the
medium before imaging. We have also used lipofectamine 3000
for immortalized mouse embryonic fibroblasts (iMEFs) with-
out changing the medium after transfection.

5. The localizer construct used here binds to tetO in the absence
of doxycycline. We used doxycycline-free medium, resulting in
high-affinity binding of CIBN-TetR-iRFP713 as soon as the
construct was expressed. This caused no problems for transient
transfections (24–48 h), but cells should be grown in
doxycycline-containing medium for long-term experiments or
when generating stable cell lines. Using reverse TetR [20],
which binds tetO in the presence of doxycycline, is also a
recommended option for the latter types of experiments (also
see ref. [21] for a review on TetR properties and variants).

6. Other suitable constructs are also available: CIBN-TetR-
tagRFP-T (localizer, Addgene #103809), PHR-iRFP713-
VP16 (effector, Addgene #103823), PHR-iRFP713 (mock
effector, Addgene #103818). For other effectors and localizers
see the Addgene entries associated with [10].

7. To avoid premature light-induced binding of effectors, trans-
fected cells should be kept in the dark at all times. White
Styrofoam boxes are not suited for this purpose since they do
transmit some light. If cells need to be handled after transfec-
tion, switch off all white light sources and use a red safelight
(e.g., a removable bike tail light).

8. The Leica TX2 filter cube can be helpful to initially localize
cells. It limits the excitation light using a bandpass filter
(BP 560/40). Since it can also cause effector recruitment at
high light intensities, it is recommended to only use the ocular
to adjust the focal plane in the very beginning of the experi-
ment. This can also be done in a well that is not used for the
actual measurements later. Other filter cubes such as the Leica
Y5 should work well but we have not tested them.

9. We have adapted the Xtreme Gene 9 (Roche, Germany) proto-
col for use in 8-well Lab-Tek slides as follows (amounts for
transfecting one well corresponding to 0.8 cm2): add 0.8 μl
Xtreme Gene 9 reagent to 20 μl Opti-MEM in a suitable
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reaction tube (e.g., 1.5 ml Eppendorf), add 300–400 ng plas-
mid DNA at a 1:1 ratio of localizer and effector constructs, flick
the tube for mixing and incubate the mixture for 15 min at
room temperature before adding the mix to the medium.

10. It is recommended to use cells that express the respective
constructs at low levels. In our experience, high expression
levels of PHR constructs lead to significant prerecruitment in
the absence of light.

11. Keep in mind that the effector intensity at the array will be high
upon recruitment. The intensity in the image prior to recruit-
ment should thus be rather low to avoid oversaturated pixels at
the array after recruitment. In addition, do not change the
excitation during imaging to obtain comparable results.

12. The high-quality image is well-suited to ensure that there is no
prerecruitment of PHR-mCherry-effector. It is also used in the
analysis of the reversibility series (see Subheading 3.4). The
low-quality image is recorded with the same imaging para-
meters as the recruitment series and can thus be used to assess
the laser intensities. However, it cannot be included in the
quantitative analyses of the recruitment series because the
488 nm laser is used for the recruitment but switched off
during imaging prior to recruitment. Since mCherry has
some absorbance at 488 nm (Fig. 1a), the absolute intensities
of prerecruitment and recruitment images are not comparable.

13. For recruitment, the localizer was not imaged in order to
increase the temporal resolution. We have recorded 300 frames
corresponding to ~1 min total imaging time, during which the
cells generally did not move or drift excessively. This time was
generally sufficient to reach a plateau of PHR-mCherry-effec-
tor intensity at the array. The PHR switching and thus the
recruitment kinetics also depend on the intensity of the blue
light used. It should therefore be kept constant for all experi-
ments to ensure comparability.

14. For the reversibility series, both localizer and effector images
were recorded because the cells move, deform, and/or drift
significantly over the recording time of 22.5 min. Hence, it is
advantageous to record the localizer image to ensure that the
array is still in focus. This is different from the approach used in
our previous work [10] where image stacks were recorded to
ensure that all signal from the array was detected without
visualizing the array over time.

15. Here, we have used a nuclear reference region as opposed to
the entire nucleus, because the fluorescently tagged (mock)
effectors have a preference to be enriched or depleted from
nucleoli. The mCherry-tagged effectors used here tend to be
depleted from nucleoli. Hence, the mean intensity of the
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nucleus will always be smaller than that of the array even if no
effector is recruited. The nuclear reference region was placed in
a region that had homogeneously distributed mCherry signal
similar to that of the array; hence, E(0) � 0 if no construct is
recruited without further normalization. Using a ring-shaped
reference region around the array selection would also be
feasible but is impractical since the array is often located close
to the nuclear lamina.

16. We have fitted the data with a single exponential for practical
reasons without any assumptions about the bleach process.
For different time scales, a different model might be more
appropriate. The background-corrected reference intensity
Iref can be fitted with any function that describes the data well
and yields a constant value for the bleach-corrected reference
intensity, which was in our case Iref,cor ¼ (Inuc � Iback)/exp
(�kbleach � t) ¼ aref. Alternatively, the net array intensity
I(t) ¼ Iarray(t) – Inuc(t) can simply be divided by the intensity
of the nuclear reference region Inuc yielding E(t)¼ I(t)/Inuc(t).
The latter approach was used for the longer dissociation time
series (Subheading 3.4). Using a (smooth) fit function for
bleach correction was advantageous for the rather noisy associ-
ation curves.

17. The fit model considers two parallel first-order reactions for
binding to two subpopulations of binding sites. The two
resulting rates could correspond to PHR photoswitching fol-
lowed by (1) PHR-CIBN heterodimerization and by
(2) PHR-PHR oligomerization and optodroplet formation
[22, 23]. Note that the resulting times to reach half-maximal
levels are shorter for the PHR-mCherry-effector constructs
used here compared to the PHR-YFP-effector constructs
used previously [10] (Table 1). This could be due to different
propensities of the mCherry and YFP constructs to allow
PHR-PHR oligomerization and optodroplet formation. A cer-
tain heterogeneity of binding kinetics between cells transfected
with the same constructs is expected because the binding reac-
tion rate depends on the (variable) expression level of the PHR
ligand.

18. The half-maximal levels E(τ1/2) for the association and E(t1/2)
for the dissociation were calculated from the respective initial
enrichment E(0) and the respective plateau value E(1) as E(τ1/
2) ¼ E(0) + (E(1) – E(0))/2 and, analogously, E(t1/2) ¼ E
(0) + (E(1) – E(0))/2.

19. We have used the Otsu method [24] to determine a threshold
and multiplied it with a factor of typically 0.7 (0.6–0.9). This
factor was determined separately for each cell and was neces-
sary because of different cytoplasmic or background signals.
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The otsu() function in R calculates the threshold for each
image in an image series. However, this histogram-based algo-
rithm occasionally recognizes the cell as background and large
arrays (compared to the cell size) as foreground resulting in
poor segmentation of some of the nuclei in a series. Hence, we
have determined the threshold on the last image of the effector
series (where the effector construct has dissociated from the
array) and used this value for segmenting the entire stack.

20. The threshold selection for the array segmentation was done as
for the nucleus segmentation (seeNote 19), but the factor with
which the Otsu threshold was multiplied was typically 3.0
(2.5–5.0).

21. For the bleach correction of the dissociation curves, we have
used the mean nucleus fluorescence intensity assuming that it
bleaches in the same manner as the array intensity.

22. This normalization step is necessary because Earray(0) 6¼ 0 even
if no construct is recruited (for an explanation, see Note 15).

23. The model in step 10 described our data well (Fig. 4b), but
alternative models can be used to describe the dissociation
kinetics and interpret the fitted parameters. One model is
represented by E(t) ¼ a � exp(�k � t)/(b + exp(�k � t)) + c.
Here, b is a parameter related to the dissociation constant and
concentration of binding-competent PHR molecules at the
start of the dissociation time course. The parameter
c accounts for a residual basal intensity level after dissociation.
This equation is derived from the analytical solution to a
model, in which a ligand can switch between a binding-
competent and a noncompetent conformation with rate k.
In the dark, the binding competent state B decays according
to B(t) ¼ B0 � exp(�k � t). The binding to the target site
S is assumed to be significantly faster than the conforma-
tional switch. Thus, at any time the concentration of the
chromatin bound complex BS(t) is in equilibrium:
BS(t) ¼ Stotal � B(t)/(B(t) + koff/kon) leading to b ¼ Kd/B0

and a ¼ Stotal where Kd ¼ koff/kon is the dissociation constant.
With this approach the conformational reversion rate k is
obtained while a and b cannot be interpreted without knowl-
edge about the relation of fluorescence intensity and absolute
concentrations. Another possibility to represent the dissociation
process would be to use a model with two sequential reactions
with rate k according to B0 (1 + k � t) � exp(�k � t) + c (see ref.
[10] for the use of sequential reaction schemes to fit the tran-
scription activation process).
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