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oligomerization data in TOCCSL experiments
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1Institute of Applied Physics, TU Wien, Vienna, Austria
ABSTRACT The interplay and communication between cells build the foundation of life. Many signaling processes at the cell
surface and inside the cell, as well as the cellular function itself, depend on protein-protein interactions and the oligomerization of
proteins. In the past, we presented an approach to single out interactions of fluorescently labeled membrane proteins by
combining photobleaching and single-molecule microscopy. With this approach, termed ‘‘thinning out clusters while conserving
the stoichiometry of labeling’’ (TOCCSL), oligomerization can be detected even at physiologically high surface densities of fluo-
rescently labeled proteins. In TOCCSL, an aperture-restricted region of the plasma membrane is irreversibly photobleached by
applying a high-intensity laser pulse. During a recovery time, in which illumination is turned off, nonphotobleached molecules
from the nonilluminated area of the plasma membrane re-populate the aperture-restricted region. At the onset of this recovery
process, these molecules can be detected as well-separated, diffraction-limited signals and their oligomerization state can be
quantified. Here, we used extensive Monte Carlo simulations to provide a theoretical framework for quantitative interpretation
of TOCCSL measurements. We determined the influence of experimental parameters and intrinsic characteristics of the inves-
tigated system on the outcome of a TOCCSL experiment. We identified the diffraction-affected laser intensity profile and the
diffusion of molecules at the aperture edges during photobleaching as major sources of generating partially photobleached olig-
omers. They are falsely detected as lower-order oligomers and, hence, higher-order oligomers might be prevented from detec-
tion. The amount of partially photobleached oligomers that are analyzed depends on the photobleaching and the recovery time,
on the mobility of molecules and—for mixed populations of oligomers—on mobility differences between different kinds of olig-
omers. Moreover, we quantified random colocalizations of molecules after recovery, which are falsely detected as higher-order
oligomers.
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SIGNIFICANCE Determination of the oligomerization state of plasma membrane proteins and lipids is key to
understanding cellular signaling and function. TOCCSL (thinning out clusters while conserving stoichiometry of labeling)—
an imaging modality based on single-molecule fluorescence microscopy—allows for measuring the degree of homo- or
hetero-oligomerization of membrane constituents even at expression levels that are normally incompatible with single-
molecule observations. In this study we determined the influence of different experimental parameters on the detected
oligomerization state by utilizing Monte Carlo simulations. In silico TOCCSL experiments identified the diffraction-affected
laser intensity profile and diffusion properties of the probe as major sources for influencing the determined oligomerization
states. Furthermore, they allowed for optimizing experimental parameters and oligomerization data analysis.

https://doi.org/10.1016/j.bpj.2023.04.021

� 2023 Biophysical Society.

This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
INTRODUCTION

Assembly of biomolecules into multimolecular complexes
is fundamental to cellular signaling and function. Molecular
interactions lead to both the association of molecules of the
same kind (homo-oligomers) and different molecular spe-
cies (hetero-oligomers) and vary regarding the number of in-
teracting molecules. Oligomers range from the smallest
possible signaling unit, a molecular dimer, to larger
multimolecular structures, and can host a diverse set of
biomolecules.

While the importance of cell surface protein oligomeriza-
tion is indisputable, there is a lack of technologies capable
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of unraveling the exact oligomeric composition of multimo-
lecular structures on the live cell plasma membrane. Using
single-molecule fluorescence microscopy, individual, fluo-
rescently labeled cell surface proteins or protein oligomers
can be directly visualized if present at low densities on
the plasma membrane, e.g., via single-molecule tracking
(1–3). For transmembrane receptors at physiological condi-
tions, copy numbers of proteins range from a few molecules
to 105 in a commonly used human cell line (4). High surface
densities for more than half of these proteins cause the
average distance between adjacent molecules to be smaller
than the resolution limit of light microscopy, rendering
direct imaging of such fluorescently labeled proteins or
protein oligomers as separated diffraction-limited spots
impossible. Photobleaching (5,6), induced by, e.g., high illu-
mination laser power or illumination time, decreasing the
label concentration (7), or photoactivating a subset of mol-
ecules (8) can be used to reduce the labeling density to less
than one molecule per 1 mm2, thus allowing the observation
of single diffraction-limited signals. However, using these
methods, the reduction of labeling density occurs stochasti-
cally and results in the absence of active labels on oligomer
subunits. These subunits become invisible, thus impeding
the quantification of oligomerization. Alternatively, stochas-
tic blinking of single fluorescent molecules is used in single-
molecule localization microscopy (SMLM) techniques like
STORM (9,10) and PALM (11,12), thereby enabling the
spatial and temporal separation of single-molecule detec-
tions. However, in these approaches different fluorophores
are activated and recorded at different time points. Due to
diffusion of cell surface molecules the assignment of multi-
ple detections to one oligomeric assembly is impossible in
conventional SMLM experiments. In addition, photophysics
of the used fluorophores complicates quantitative counting
of molecules. Although SMLM modalities such as pair-cor-
relation PALM (13) and quantitative points accumulation
in nanoscale topography (14) allow for the unbiased quanti-
fication of molecular clustering in fixed cells, they are
currently not suitable for stoichiometry analysis in live cells.
Dynamic super-resolution imaging of molecular interac-
tions on spatial scales down to �30 nm was enabled by
using a spectroscopic approach combining stimulated emis-
sion depletion with fluorescence correlation spectroscopy
(15), allowing for probing single interactions on the
milliseconds time scale. In the same line, nearfield scanning
optical microscopy was combined with fluorescence corre-
lation spectroscopy to study processes at the nanometer
scale on the live cell membrane (16).

In contrast to the above-mentioned methods the single-
molecule fluorescence technique Thinning out Clusters while
Conserving Stoichiometry of Labeling (TOCCSL) (17) con-
stitutes a microscopy-based strategy for studying the oligo-
meric composition of cell surface proteins and lipids in the
plasma membrane of nonmoving, live mammalian cells and
in model systems—also at physiologically high surface den-
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sities. In TOCCSL, photobleaching of fluorescent molecules
is confined to a subregion of the plasma membrane by using
an aperture in a sample-conjugated plane, and a high-intensity
laser pulse of several kW/cm2. During the recovery time—
typically several hundred milliseconds to several seconds—
molecules diffuse from the nonphotobleached area of the
plasma membrane into the aperture-restricted region. In
contrast to bulk fluorescence recovery after photobleaching
(FRAP) experiments (18), only the beginning of the fluores-
cence recovery process is of interest in TOCCSL (17). Here,
nonphotobleached fluorophores within the aperture-restricted
region can be imaged as well-separated, diffraction-limited,
single-molecule signals. TOCCSL constitutes an easy-to-
implement and simple approach to determine the oligomeriza-
tion state of cell surface molecules via brightness (one-color
TOCCSL) (19) or co-localization (two-color TOCCSL) (20)
analysis. For a more detailed explanation of TOCCSL, its
applicability, and practical implementation on single-mole-
cule microscopes see references (21,22).

In this work we characterize the influence of various exper-
imental parameters (photobleaching time, recovery time,
aperture size, size of analysis region) as well as the intrinsic
characteristics of the investigated system (diffusion coeffi-
cient, oligomerization state of molecules, cell area) on the
experimental outcome of a TOCCSL experiment usingMonte
Carlo-based in silico TOCCSL. We found that partial photo-
bleaching of oligomers is caused by the diffraction-limited in-
tensity decay at the aperture edges and by molecules leaving
and entering the aperture-restricted region during photo-
bleaching. Partially photobleached oligomers are detected as
lower-order oligomers and, hence, higher-order oligomers
might be underrepresented. In contrast, multiple molecules
can randomly colocalize within the resolution limit of the op-
tical systemandbedetected as a single, higher-order oligomer.
While the presence of both effects can be assumed for all
TOCCSL-based experiments, their magnitude was found to
depend on the intrinsic parameters of the experimental
systems.
METHODS

Cell culture

An GFP-GPI plasmid carrying the GPI signal sequence of the human folate

receptor was constructed as described in Brameshuber et al. (19). CHO cells

(ATTC CCL-61) stably expressing mGFP-GPI were continuously cultured

in tissue culture flasks (GB658175; Greiner Bio-One, Kremsm€unster,
Austria) in MEM/HAM’s F-12 medium (BE12-719F; Lonza, Basel,

Switzerland) supplemented with 10% fetal calf serum (F7524; Sigma-

Aldrich, St. Louis, MO), 400 mg/mL G418 (P11-012; PAA, Linz, Austria),

and 100 U/mL penicillin/streptomycin (17-602E; Lonza) and maintained in

a humidified incubator at 37�C and 5% CO2 concentration.
Sample preparation

Coverglass slides (no. 1.5, BB024060SC; Menzel, Braunschweig, Germany)

were glued to eight-well LabTek chambers (155411, Nunc; Thermo Fisher
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Scientific, Waltham, MA) with two-component dental glue (13001001; Pico-

dent, Wipperf€urth, Germany) and washed with 70% isopropanol and sterile

water. Twenty-four hours before the measurement confluent CHO cells were

harvested using Accutase (00-4555-6; eBioscience, San Diego, CA), trans-

ferred to the Lab-Tek chambered coverglass slides and incubated in culture

medium at 37�C and 5%CO2 concentration. For microscopy, the culture me-

dium was exchanged for Hanks’ balanced salt solution containing calcium

and magnesium (BE10-527F; Lonza) supplemented with 2% fetal calf

serum. Cells were imaged at room temperature.
Microscopy

Photobleaching curves and laser intensity profiles were measured in live

cells using a Zeiss Axiovert 200 inverted microscope equipped with a

100� NA ¼ 1.46 oil immersion objective (a Plan-Apochromat; Zeiss,

Oberkochen, Germany). For excitation, an optically pumped solid-state

laser (Sapphire; Coherent, Santa Clara, CA) with a wavelength of

488 nm and a laser power of �5 kW/cm2 in the sample plane was used.

The illumination area was restricted by a rectangular aperture placed in a

sample-conjugated plane. For exact timings, an acousto-optic modulator

(Isomet, Springfield, VA) was used. Timing protocols were created and

controlled by an in-house-written program package implemented in

LABVIEW (National Instruments, Austin, TX). An appropriate dichroic

mirror (ZT488/640rpc 2 mm; Chroma, Bellows Falls, VT) and an emission

filter (FF01-538/685-25; Semrock, Rochester, NY) were used.
Photobleaching curves

For reducing the cytosolic background, cells were prebleached in non-TIRF

configuration. For each cell a sequence of 200 images was recorded in objec-

tive-based total internal reflection (TIR) configurationwith anEMCCDcam-

era (Andor iXon Ultra DU-897; Oxford Instruments, Abingdon, UK). We

used stroboscopic illumination with an illumination time of 1 ms and a

time lag of 7 ms between consecutive images. The overall photobleaching

time is hence given by the cumulative illumination time of 200 $ 1 ms ¼
200 ms and was sufficient to deplete the region of interest (ROI) of the cell

surface from all active fluorophores. All sequenceswere analyzed in ImageJ.
Simulation of diffusing molecules

The simulation software is implemented in MATLAB R2019a

(9.6.0.1072779, 64-bit; The MathWorks, Natick, MA) on a personal com-

puter running Windows 10 (Microsoft, Redmond, WA). All scripts are

available under https://github.com/schuetzgroup/In_silico_TOCCSL.git.

Diffusing fluorescently labeled molecules are simulated for an area of

21 $ 21 mm2 with a density of 100 molecules/mm2. In the following, this

simulated quadratic area is termed ‘‘cell area.’’ Importantly, all presented

results are independent of the cell area for cell side lengths larger or equal

to 14 mm (Fig. S1, a and b). For smaller cell areas, depletion of fluorescent

molecules influences the outcome of a TOCCSL experiment. The coordi-

nates x and y of each molecule’s starting position are randomly drawn

from a uniform distribution on the interval [0, 21]. For each discrete time

step Dt, individual step sizes for both coordinates, Dxi and Dyi, are

randomly drawn from a one-dimensional Gaussian probability distribution

with variance s2 ¼ 2 D Dt and mean m ¼ 0. Gaussian distributed random

numbers are generated with the built-in normrnd function (MATLAB).

New coordinates xiþ1 and yiþ1 are assigned to each molecule for each

time step Dt by adding the randomly drawn step sizes Dxi and Dyi to the

former molecule coordinates xi and yi:

xiþ1 ¼ xi þ Dxiþ1 (Equation 1a)

yiþ1 ¼ yi þ Dyiþ1 : (Equation 1b)
This is done for the total number of steps and all molecules in the simu-

lation. Each molecule’s coordinates at a time point t are given by the cumu-

lative sum of its starting position and all spatial steps the diffusing molecule

has taken during t. To preserve the initial density of molecules, periodic

boundary conditions are applied. If a molecule passes through one side of

the interval [0, 21] in x or y direction, it reenters it on the opposite side.

In the case of mixed populations with oligomers of different order and

with different diffusion coefficients D, the probability distribution for

each population differs according to the variance of the one-dimensional

Gaussian function. Thus, the calculation of the molecules’ trajectories is

done separately for each oligomeric composition.
Oligomeric, fluorescent, and photobleaching
state

Eachmolecule exhibits a predefined oligomeric statem (number ofmolecule

subunits) and a separate fluorescent state n (number ofmolecule subunits car-

rying an active fluorophore). Oligomeric and fluorescent state are assigned to

everymolecule and for every time stepDt they are stored alongwith their tra-

jectory coordinates. For simplicity, a labeling degree and an ideal labeling

efficiency of 1 are assumed. The oligomeric state remains unaltered during

the simulation, while the fluorescent state, which initially equals the oligo-

meric state, can change during the simulated photobleaching process. Tran-

sient oligomerization (dissociation and recombination) of proteins is not

considered. Molecules with oligomeric state m and fluorescent state n are

henceforth denoted asm-mers and apparent n-mers.m-mers with fluorescent

state n¼ 0 after photobleaching are denoted as fully photobleachedm-mers,

m-mers with fluorescent state 0 < n < m after photobleaching as partially

photobleachedm-mers, andm-mers with fluorescent state n¼m after photo-

bleaching as nonphotobleached m-mers. In addition, a state ibiex is assigned

to each oligomeric subunit corresponding to one of two components of a

biexponential photobleaching curve, as described in the next section. This

assignment remains unaltered in the course of the photobleaching process.
Simulation of photobleaching

Photobleaching of fluorophores due to the exposure to a high-energy light

source (e.g., a laser) depends on the illumination intensity at the sample

plane as well as the time till that molecules reside within the aperture

restricted, illuminated area during the photobleaching process. Importantly,

the choice of the aperture side length dap influences the outcome of a

TOCCSL experiment (Fig. S1, c–e). For all simulations shown, a quadratic

aperture-restricted region of dap $ dap ¼ 7 $ 7 mm2 is employed. For mole-

cules that diffuse in and out of the illuminated area during the photobleach-

ing time tbleach, till is shorter than tbleach. To characterize the photobleaching

probability pbleach of fluorophores in TOCCSL experiments, photobleach-

ing curves of CHO mGFP-GPI cells were recorded as described above.

For each image sequence, a ROI within the illuminated area was selected

manually and applied to all 200 images. The integrated ROI brightness

over time was background corrected, normalized, and fitted via linear least

squares by a two-component exponential function

bðtillÞ ¼ A0e�atill þ B0e� btill (Equation 2)

with a and b denoting the photobleaching parameters and A0 and B0 the
weights of the two fit components (Fig. S2). For simulating the photo-
bleaching process, the photobleaching curve fits were determined for eight

independent cells. The mean values of the fit parameters were used for

further calculations and yielded a ¼ 235 1/s and b ¼ 30 1/s. Normalized

weights A¼ A0/( A0 þ B0)¼ 0.782 and B¼ B0/( A0 þ B0)¼ 0.218 were intro-

duced such that A þ B ¼ 1.

To reproduce the biexponential photobleaching behavior in the simula-

tions, one of the two biexponential components (ibiex ¼ 1 for a or ibiex ¼
2 for b) is assigned to each oligomeric subunit according to their weights

A and B in the biexponential photobleaching curve. Each of the two species
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follows a photobleaching process governed by one of the coefficients a or b.

The photobleaching probability for a normalized laser intensity of 1 is

calculated as

pbleachðDtÞ ¼ 1 � ðe� aDtÞ for ibiex ¼ 1

(Equation 3a)

p ðDtÞ ¼ 1 � �
e� bDt

�
for i ¼ 2:
bleach biex

(Equation 3b)

Outside the illuminated area, pbleach was assumed to be 0. Three different

laser intensity profiles were studied: 1) an ideal laser intensity profile

(Fig. S3, left) with photobleaching probability pbleach ¼ 1 for each time

step Dt within the aperture-restricted region dap $ dap. 2) A uniform laser in-

tensity profile (Fig. S3,middle) with pbleach followingEq. 3 for each time step

Dt within the aperture-restricted region dap $ dap. 3) A realistic, diffraction-

affected laser intensity profile (Fig. S3, right) exhibiting a uniform laser in-

tensity profile within the aperture-restricted region dap $ dap and an intensity
decay outside the aperture edges reaching zero after dedge ¼ 1 mm. The

diffraction-induced intensity decay in one dimension was approximated by

a Gaussian function with standard deviation sprofile¼ 0.5 mm and the central

region by a plateau (Fig. S4). The relative laser intensity X(x) with respect to

the maximum value at the plateau is specified for the absolute value of the

distance x to the center of the illuminated region by
XðjxjÞ ¼ 1 for jðxÞjGdap
2

XðjxjÞ ¼ exp

2
6664
�
�
jxj �

�
dap
2

��2

s2
profile

3
7775 for

dap
2

þ dedgesjðxÞj>dap
2

XðjxjÞ ¼ 0 for jðxÞj>dap
2

þ dedge :

(Equation 4)
The two-dimensional intensity profile was obtained by multiplying the

relative intensities in x and y directions, X(x) and Y(y), with each other,

yielding a normalized two-dimensional intensity profile I(x,y) ¼ X(x) $

Y(y). In the case of the diffraction-affected laser intensity profile the photo-

bleaching parameters depend on the laser intensity profile I(x,y) and yield

aI ¼ a $ I(x,y) and bI ¼ b $ I(x,y). For each time step Dt during tbleach,

the coordinates of all molecules are queried and pbleach is determined sepa-

rately for each molecule as a function of the laser intensity profile I(x,y) at

the exact molecule position within the illuminated area [dap þ 2 $ dedge] $

[dap þ 2 $ dedge] (9 $ 9 mm
2). Considering I(x,y), ibiex a and b, the probabil-

ity of a fluorescent molecule with coordinates x and y to be irreversibly pho-

tobleached after a single time step Dt can be calculated as

pbleachðx; y;DtÞ ¼ 1 � �
e� aIðx;yÞDt� for ibiex ¼ 1

(Equation 5a)

p ðx; y;DtÞ ¼ 1 � �
e� bIðx;yÞDt� for i ¼ 2:
bleach biex

(Equation 5b)
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In the case of the diffraction-affected laser intensity profile, the updated

fluorescent state is assigned to the residual part of the molecule’s trajectory

after each time step Dt during tbleach. Hence, the new fluorescent state con-

stitutes the basis for the next photobleaching step.

For both the uniform and the diffraction-affected laser intensity

profile, stochastic photobleaching is simulated using a Monte Carlo

method for determining whether a fluorescent molecule is dark or

remains fluorescent after residing inside the aperture-restricted

region for a duration of till. This is done independently for all m mole-

cule subunits of each oligomeric complex of order m. The individual

photobleaching probability on the interval [0, 1] is calculated as

described above depending on the choice of the laser intensity profile.

The resulting value is then compared with a uniformly distributed

random number generated with the built-in rand function (MATLAB)

on the interval [0, 1]. If the photobleaching probability is larger than

or equal to the generated random number the molecule is irreversibly

photobleached, and, thus, the molecule’s fluorescent state n is reduced

by one. In summary, the photobleaching probability for a single oligo-

meric subunit follows a monoexponential decay, for both the uniform

and the diffraction-affected laser intensity profiles. The average photo-

bleaching probability considering all oligomers in the illuminated area

follows a biexponential decay as observed experimentally. A minimal

time step of Dt ¼ 0.002 s (uniform laser intensity profile) or Dt ¼
0.01 s (diffraction-affected laser intensity profile) was sufficient to

determine pbleach without altering the outcome of simulated TOCCSL

experiments (Fig. S5).
Consideration of random colocalizations

After photobleaching, fluorescently labeled molecules from outside the

aperture-restricted region diffuse back into the dark, photobleached area

during a preset recovery time, where they are analyzed regarding their olig-

omeric state m and fluorescent state n. A priori, all recovered molecules are

considered for stoichiometry analysis. In a real single-molecule microscopy

experiment two adjacent molecules imaged by their point spread functions

(pdf) cannot be distinguished from each other if their mutual distance is

smaller than the resolution limit of light (Rayleigh criterion). In our

simulations molecules are considered point-like objects with well-defined

coordinates. However, the Rayleigh criterion is applied to account for

diffraction-limited resolution in real experiments. Two or more molecules

with fluorescent state n1, n2, n3, . within a threshold distance R from

each other are counted as one ‘‘apparent n-mer’’ (n ¼ Sini). This also ap-

plies if one or more molecules lie outside the analysis region but within

the distance R of a molecule inside the analysis region. Apparent n-mers

due to random colocalizations are only considered for n % 5 $ mmax,

with mmax being the largest initially assigned oligomeric fraction. The right

choice of R generally depends on the intermolecular subunit distances of the

observed molecule, the emission wavelength of the fluorophore, the
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resolution of the microscopy setup, and the quality of image analysis. For

all simulations presented, R was set to 300 nm. The detection of apparent

n-mers due to random colocalizations results in an overestimation of the

fraction of higher-order oligomers and an underestimation of the fraction

of lower-order oligomers. As the accidental coincidence of molecules in-

creases with higher molecule density, the fraction of apparent n-mer detec-

tions due to random colocalizations is directly related to the molecule

density r. If all molecules are randomly distributed over the cell area, the

probability for one of them to be located within a radius R of another mole-

cule is given by

pcoloc ¼ 1 � eð�R2prÞ ð20Þ: (Equation 6)

Since the recovery of molecules after photobleaching proceeds from the

aperture edges, the density r and, hence, pcoloc increases with increasing

distance from the center of the photobleached region. To keep pcoloc low,

the area confining the number of analyzed molecules has to be limited to

a central region within the illuminated area that exhibits a maximum

molecule density equal to the cutoff density

rcrit ¼ � ln
ð1 � pcolocÞ

R2p
: (Equation 7)

For all simulations presented, a maximum pcoloc of 20% was accepted,

yielding a mean pcoloc of �10–20%. rcrit was calculated to be 0.79

molecules/mm2.
Data analysis

Each mean fraction of apparent n-mers, fn was calculated from 1000 inde-

pendent simulation runs by
FIGURE 1 In silico TOCCSL experiment. A total cell area of 21 $ 21 mm2 was

initial density of 100 dimers/mm2. The photobleaching process is simulated assum

intensity profile within the aperture-restricted region (gray dashed lines) and a di

mm (black dashed lines). After photobleaching, the center of the aperture-restrict

at the aperture edges and dimers leaving and entering the illuminated area du

bleached and nonphotobleached dimers from outside the illuminated area diff

the TOCCSL simulation shown a diffusion coefficient of D ¼ 0.5 mm2/s, a photo

were used. The figures display the central region of the simulated area. Scale b
fn½%� ¼ vnP5mmax

n ¼ 1

vn

$100 (Equation 8)

with vn being the number of apparent n-mers inside the analysis region (sum

over 1000 simulation runs), including events that are due to randomly co-

localized molecules. Each mean fraction of m-mers fm was calculated

from 1000 independent simulation runs by

fm½%� ¼ vmP5mmax

n ¼ 1

vn

$100 (Equation 9)

with vm being the number of m-mers inside the analysis region (sum over

1000 simulation runs), excluding events that are due to randomly colocal-
ized molecules.

The 95% bootstrapping confidence interval was determined by random

sampling with replacement. One sample was created by randomly drawing

1000 times from the 1000 simulation runs. From 10,000 samples the 95%

confidence interval of each apparent n-mer fraction was determined for

each parameter set.
RESULTS

Simulation of TOCCSL experiments

An overview of the methodical workflow is shown in
Fig. S6. In silico TOCCSL experiments are initiated
by randomly placing single molecules within an area of
21 $ 21 mm2 at a density of 100 molecules/mm2 (Fig. 1,
left). Two-dimensional Brownian motion of molecules is
realized via Monte Carlo simulations of random walkers
simulated. The left image shows the central region of the simulated cell with

ing a diffraction-affected laser intensity profile that exhibits a uniform laser

ffraction-induced intensity decay at the aperture edges that reaches 0 after 1

ed region exhibits no active fluorophores (middle). Due to diffraction effects

ring tbleach some of them undergo partial photobleaching. Partially photo-

use into the photobleached region during a recovery time trec (right). For

bleaching time of tbleach ¼ 4 s, and a trec ¼ 0 s (middle) or trec ¼ 0.8 s (right)

ar, 4 mm.
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with fixed oligomeric state m (termed m-mers); n denotes
the number of active fluorophores associated with the olig-
omer as a measure of the fluorescent state (termed apparent
n-mers). In our study we simulated purely dimeric (m ¼ 2)
or purely tetrameric (m¼ 4) samples, or samples containing
a 1:1 mixture of monomeric (m ¼ 1) and dimeric (m ¼ 2)
molecules. Oligomeric and fluorescent states are assumed
to be equal prior to photobleaching, i.e., m ¼ n. A central
rectangular area (indicating the aperture-restricted region)
is photobleached for a duration of tbleach (see simulation of
photobleaching), thus altering the fluorescent state of mole-
cules that are exposed to photobleaching. Molecules that
leave and enter the aperture-restricted region during tbleach
are illuminated for a duration of till < tbleach. Fig. 1 (middle)
shows an example of dimers with diffusion coefficient D ¼
0.5 mm2/s and their respective position and fluorescent state
directly after photobleaching for tbleach ¼ 4 s.

To distinguish the effects of different error sources on the
obtained apparent oligomerization states, we simulated the
photobleaching process for three different scenarios: 1) an
ideal laser intensity profile (Fig. S3, left) with photobleach-
ing probability pbleach ¼ 1 within the aperture-restricted re-
gion, 2) a uniform laser intensity profile (Fig. S3, middle)
with pbleach following Eq. 3, and 3) a diffraction-affected
laser intensity profile (Fig. S3, right) exhibiting a uniform
laser intensity profile within the aperture-restricted region
and a diffraction-induced intensity decay at the aperture
edges. For each time step during tbleach, pbleach depends on
the laser intensity I(x,y) at the molecules’ position (Eq. 5,
also see simulation of photobleaching).

After the photobleaching pulse, molecules from outside
the aperture-restricted region diffuse into the photobleached
area during a recovery time trec. Fig. 1 shows an example of
the recovery process directly after photobleaching (trec ¼
0 s, middle) and after trec ¼ 0.8 s (right). Within a subregion
of the photobleached area, recovered molecules are
analyzed with respect to their fluorescent state.
Choice of recovery time and analysis region

The choice of trec directly influences the density distribution
of recovered molecules within the aperture-restricted re-
gion. The longer trec, the more molecules can diffuse into
the photobleached area, which leads to an increase of the
molecule density r. If—after trec—two or more molecules
with fluorescent state n1, n2, n3, . randomly colocalize
within 300 nm, they are counted as one apparent n-mer
(n ¼ Sini). According to Eq. 6, the probability for random
colocalizations, pcoloc, increases with increasing r. Since
molecules recover from outside the aperture edges, r and
consequently also pcoloc increase in radial direction with
increasing distance from the center within the photo-
bleached area. To keep pcoloc below a threshold (in our study
we chose 20%), only a region for which r is equal to the cut-
6 Biophysical Journal 122, 1–14, June 6, 2023
off density rcrit (Eq. 7) is considered, yielding a mean pcoloc
of 10–20% for all simulations shown.

In our simulations we selected the recovery time based on
the maximum of analyzed molecules. For this purpose, the
recovery process of dimers after photobleaching was simu-
lated for different trec (Fig. 2). The density distribution after
recovery (Fig. 2 c) was determined by sectioning the aper-
ture-restricted region into concentric rings with outer radii
from 10 nm to 1.5 times the aperture side length dap in
10 nm steps around the center of the photobleached area
(Fig. 2, a and b) and dividing the number of molecules
within each concentric ring (mean from 100 independent
simulations) by the area of the respective ring. A circular
analysis region was chosen, as the density of recovered mol-
ecules is higher in the corners of the aperture-restricted rect-
angular region and the density distribution determined from
a rectangular analysis region would not be representative for
the actual local densities. Between 0 and (dap þ dedge)/2, the
resulting local density values were fitted by

rðrÞ ¼ r0$
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(Equation 10)

with erf denoting the error function, r the distance from the
center of the aperture-restricted region, and r , d0, and
0

t ¼ ffiffiffiffiffiffiffiffiffiffi
4D0t0

p
the fitting parameters (adapted from (20)).

We determined the largest radius ranalysis for which r

(ranalysis) ¼ rcrit and used this value to calculate the area
of the circular analysis region. Fig. 2 d shows the number
of molecules inside the analysis region for different trec. A
cubic polynomial fit was used to determine the position of
the maximum, which corresponds to the optimal trec. For
the optimal trec, the according analysis region was deter-
mined from 300 additional simulations.

For all presented simulations, in which other parameters
(tbleach, diffusion coefficient D, oligomeric state m, aperture
side length dap, cell area) were varied, the optimal trec and
the according analysis region were determined individually
and applied to 1000 independent simulations. Recovered
molecules within the analysis region were analyzed with
respect to their fluorescent state and potential random coloc-
alizations, and the fractions of apparent n-mers were calcu-
lated (mean of 1000 simulations).
Influence of photobleaching time on the apparent
dimer fraction

The choice of tbleach directly influences the photobleaching
probability pbleach of molecules that are residing within the
aperture-restricted region, as described in simulation of
photobleaching (in the case of a uniform or a diffraction-
affected laser intensity profile).We investigated the influence



FIGURE 2 Choice of recovery time and analysis region. (a) An aperture-restricted region (black dashed box) and a diffraction-affected edge region (1 mm

on each side of the aperture) are exposed to photobleaching for tbleach ¼ 4 s, assuming a diffraction-affected laser intensity profile. Shown are dimers (m¼ 2)

with D ¼ 0.5 mm2/s after recovery (trec ¼ 0.8 s). Starting from the center, the photobleached region is sectioned into concentric rings with outer radii from

10 nm to 1.5 $ dap in 10 nm steps (gray rings, here only every 30th ring is shown). The cyan ring denotes the chosen radius of the analysis region, ranalysis,

based on the cutoff density rcrit (Eq. 7). Scale bar, 4 mm. (b) Zoom into the black boxed region. Scale bar, 2 mm. (c) The mean number of molecules (with

fluorescent state 0 < n % m) per ring area is determined from 100 independent simulations, yielding the local density within each ring (black dots). The

resulting density distribution along the radial direction is fitted (gray solid curve) and compared with rcrit (black dotted line), which is calculated for the

colocalization threshold distance R ¼ 300 nm between two molecules and the maximum probability of random colocalizations, pcoloc ¼ 20%. From the den-

sity distribution fit, the outer radius of the concentric ring ranalysis that exhibits the highest molecule density r (ranalysis) ¼ rcrit is determined (black dashed

line), which is used to calculate the area of the analysis region. The inset shows the zoom into the gray boxed region. (d) For each trec the analysis region is

calculated as outlined in (c) and the mean numbers of molecules within are determined. The optimal trec, at which most molecules can be analyzed (black

dashed line), is determined from a cubic polynomial fit (gray solid line). A cubic polynomial fit is chosen, as the aim of the fit is not to represent the exact

number of molecules for any trec, but solely to find the maximum of molecules. The optimal trec and the according analysis region are used for further sim-

ulations.

In silico TOCCSL experiments

Please cite this article in press as: Bodner et al., Monte Carlo simulations for the evaluation of oligomerization data in TOCCSL experiments, Biophysical Journal
(2023), https://doi.org/10.1016/j.bpj.2023.04.021
of tbleach on the outcome of a TOCCSL experiment, assuming
a purely dimeric population of molecules (m ¼ 2) with D ¼
0.5 mm2/s. For each of the three different laser intensity pro-
files (ideal, uniform, diffraction-affected), in silico TOCCSL
experiments were performed. A central region was photo-
bleached for tbleach between 0.3 and 5 s. Fig. 3, a–c, display
each fraction of apparent n-mers inside the analysis region af-
ter recovery, for the three different laser profiles.
In the case of an ideal laser intensity profile, pbleach is
equal to 1 for each time step and, hence, independent of
tbleach (Fig. S3 a, left). Consequently, all dimers within the
aperture-restricted region are fully photobleached (Fig. S3,
b–d, left). Recovered dimers are either detected as apparent
dimers (�90–92%, black solid line) or, if two dimers
randomly colocalize, as apparent tetramers (�7–9%, black
dashed-dotted line) (Fig. 3 a).
Biophysical Journal 122, 1–14, June 6, 2023 7



FIGURE 3 The influence of tbleach and trec on the apparent n-mer fractions was studied. (a–c) A purely dimeric population withD¼ 0.5 mm2/s was exposed

to photobleaching assuming an ideal laser intensity profile (a), a uniform laser intensity profile (b), and a diffraction-affected laser intensity profile (c). The

optimal trec and the according analysis region were determined individually for each tbleach. The gray solid line depicts the mean fraction of dimers excluding

apparent dimers due to random colocalizations. In the uniform case the mean fraction of apparent dimers due to random colocalizations is <0.6% and is

omitted from the figure. For all three cases the mean apparent n-mer fractions for n> 4 are<0.7% (not shown). (d and e) The influence of trec on the apparent

n-mer fractions was studied. A pure dimeric population with D ¼ 0.5 mm2/s was exposed to photobleaching for tbleach ¼ 4 s, assuming a diffraction-affected

laser intensity profile. trec was varied between 0.1 and 2.8 s and the according analysis region was determined individually for each trec. (d) With increasing trec
the mean fraction of apparent dimers increases, whereas the mean fraction of apparent monomers decreases. The mean apparent n-mer fractions for n> 4 are

<0.8% (not shown). (e) The total number of apparent n-mers within the analysis region first increases with increasing trec and decreases for trec R 0.7 s.

Shown are the mean apparent n-mer fractions (a–d) and the number of apparent n-mers (sum over 1000 simulation runs) (e) and the error bar (95% boot-

strapping confidence interval) from 1000 independent simulations. The lines are a guide to the eye.

Bodner et al.

Please cite this article in press as: Bodner et al., Monte Carlo simulations for the evaluation of oligomerization data in TOCCSL experiments, Biophysical Journal
(2023), https://doi.org/10.1016/j.bpj.2023.04.021

8 Biophysical Journal 122, 1–14, June 6, 2023



In silico TOCCSL experiments

Please cite this article in press as: Bodner et al., Monte Carlo simulations for the evaluation of oligomerization data in TOCCSL experiments, Biophysical Journal
(2023), https://doi.org/10.1016/j.bpj.2023.04.021
In the case of a uniform laser intensity profile, pbleach fol-
lowsEq. 3 for each time step that eachmolecule resideswithin
the aperture-restricted region during the photobleaching pro-
cess (Fig. S3 a, middle). In this scenario, diffraction effects
of the laser at the aperture edges are not considered to show
themere influence of themolecules’movement during illumi-
nation. Some dimers leave and enter the aperture-restricted
region during photobleaching and are only illuminated for a
fraction of tbleach (till % tbleach). Consequently, there is a sub-
stantial concentration of partially photobleached dimers near
the aperture edges (Fig. S3, c and d, middle), which are de-
tected as apparent monomers after recovery (Fig. 3 b, black
dashed line). Partial photobleaching is evenmore pronounced
in the case of a diffraction-affected laser intensity profile
(Fig. 3 c) due to the intensity decay and the reduced local
pbleach at the aperture edges (Fig. S3, a, c, and d, right).
Apparent trimers (Fig. 3, b and c, black dotted line) and
apparent tetramers (Fig. 3, b and c, black dashed-dotted
line) are recorded due to random colocalizations. If two
apparent monomers colocalize after trec they are detected as
one apparent dimer.

In the case of the uniform and the diffraction-affected laser
intensity profile, for short tbleach some dimers in the center of
the aperture-restricted region are not fully photobleached, as
exemplified for tbleach ¼ 0.01 s and for tbleach ¼ 0.25 s
(Fig. S3, b and c, middle and right). With increasing tbleach,
an increasing number of dimers around the aperture-restricted
region are fully photobleached, as illustrated in Fig. S3 d. For
scenarios with longer tbleach the number of (apparent) dimers
within the analysis region increases with increasing tbleach
(Fig. S7, a and b).

In the case of the uniform laser intensity profile, for tbleach¼
0.3 s, 66% apparent dimers (�65% dimers), �24% apparent
monomers, �3% apparent trimers, and �6% apparent tetra-
mers are detected (Fig. 3 b; see Table S1 for all n-mer frac-
tions). For tbleach ¼ 4 s, the fraction of apparent dimers
increases to �73% and does not change substantially with
further increasing tbleach. In the case of the diffraction-affected
laser intensity profile for tbleach¼ 0.3 s, 35% apparent dimers
(�31% dimers) and �56% apparent monomers are detected
(Fig. 3 c; see Table S2 for all n-mer fractions). For tbleach ¼
4 s the apparent dimer fraction increases to �52%.

For all following simulations, a central quadratic aperture-
restricted region was photobleached for tbleach¼ 4 s assuming
a diffraction-affected laser intensity profile, since for both di-
mers and tetramers as well as for different diffusion coeffi-
cients apparent n-mer fractions do not change substantially
with higher values of tbleach (Figs. 3 c and S8, a–c).
Influence of recovery time on the apparent dimer
fraction

We investigated the influence of trec on the outcome of a
TOCCSL experiment, assuming a purely dimeric population
of molecules (m ¼ 2) with D ¼ 0.5 mm2/s. For trec between
0.1 and 2.8 s, in silico TOCCSL experiments were per-
formed. Fig. 3 d displays each fraction and Fig. 3 e the num-
ber of apparent n-mers after recovery.

For long trec, predominantly nonphotobleached dimers
from outside the illuminated area reach the analysis region,
resulting in a high fraction of dimers (gray solid line). How-
ever, long recovery times correspond to rather small analysis
areas and, hence, low numbers of analyzed molecules, as
exemplified for trec ¼ 2.8 s: a total number of 1067 apparent
n-mers is detected in 1000 TOCCSL simulations, out of
which �67% are apparent dimers (�66% dimers) and
�23% are apparent monomers (see Table S3 for all n-mer
fractions). When decreasing trec to 0.7 s, due to the larger
analysis region the number of apparent n-mers increases to
a maximum of 4474. However, an increased number of
apparent monomers (black dashed line) are detected due to
partially photobleached dimers residing close to the aperture
edges after tbleach (Fig. S3 d, right; Table S3), yielding a
decreased apparent dimer fraction of �51%. When further
decreasing trec to values below 0.7 s, both the fraction of
apparent dimers and the number of apparent n-mers decrease.

In a different set of simulations, a central circular aper-
ture-restricted region was photobleached to investigate
influences of the aperture shape on the outcome of a
TOCCSL experiment. For both, the circular (Fig. S9) and
the rectangular aperture (Fig. 3, d and e), the mean fractions
of apparent n-mers were found to be similar.
Influence of mobility on the apparent dimer
fraction

We next investigated the influence of D on the outcome of a
TOCCSL experiment assuming a purely dimeric population
of molecules (m¼ 2). In general, with increasing mobility, an
increasing number of dimers leave and enter the aperture-
restricted region during tbleach, resulting in increased
partial photobleaching and, hence, an increased fraction of
apparent monomers (Fig. 4 a, black dashed line). At lower
values of D, less dimers are partially photobleached and
more nonphotobleached dimers from outside the illuminated
area reach the analysis region, resulting in an increased
apparent dimer fraction (black solid line). For slowly moving
dimers with D ¼ 0.02 mm2/s, �68% apparent dimers and
�20% apparent monomers are detected compared with
�52% apparent dimers and �39% apparent monomers for
D ¼ 0.5 mm2/s (see Table S4 for all analysis regions and
optimal trec, and Table S5 for all n-mer fractions).
Influence of mobility differences on the apparent
dimer fraction

If two different oligomeric species exhibit a difference in
their mobility, the detection of fast-moving oligomers is
favored as they re-populate the analysis region within a
shorter amount of time. We investigated the influence of
Biophysical Journal 122, 1–14, June 6, 2023 9



FIGURE 4 The influence ofD and the influence of mobility differences between monomers and dimers on the apparent n-mer fractions were studied. (a) A

purely dimeric population was exposed to photobleaching for tbleach ¼ 4 s assuming a diffraction-affected laser intensity profile. The optimal trec and the

according analysis region were determined individually for eachD. Apparent n-mer fractions for n> 4 were<0.9% (not shown). The apparent n-mer fraction

for D ¼ 0.5 mm2/s was taken from Fig. 3 c. (b) The influence of mobility differences between monomers and dimers on the (apparent) dimer fraction was

studied. The monomeric diffusion coefficientD1 was kept constant at 0.5 mm
2/s whileD2 was varied. A 1:1 distribution of monomers and dimers was exposed

to photobleaching for tbleach ¼ 4 s assuming an ideal laser intensity profile (black dashed line) and a diffraction-affected laser intensity profile (black solid

line). The gray line depicts the mean fraction of dimers excluding apparent dimers due to random colocalizations. Apparent n-mers due to random coloc-

alizations for n> 2 and apparent monomers are not shown. The optimal trec and the according analysis region were determined individually for each ratioD2/

D1. Shown are the mean apparent n-mer fractions and error bars (95% bootstrapping confidence interval) from 1000 independent simulations. The lines are a

guide to the eye.
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mobility differences between different kinds of oligomers
on the outcome of a TOCCSL experiment, assuming a 1:1
distribution of monomers and dimers with different diffu-
sion coefficients D1 and D2. For all experiments, the diffu-
sion coefficient for monomers was kept constant at D1 ¼
0.5 mm2/s, while the ratio of diffusion coefficients D2/D1

was varied from 0.1 to 1. A central region was photo-
bleached assuming an ideal and a diffraction-affected laser
intensity profile. Fig. 4 b displays the (apparent) dimer frac-
tion after recovery.

The ideal scenario (black dashed line) shows the mere in-
fluence of mobility differences, as nearly all dimers are
detectable after recovery (see influence of photobleaching
time on the apparent dimer fraction). In the case of D2/
D1 ¼ 1 �47% apparent dimers are detected, whereas
�3% of dimers are detected as higher-order n-mers due to
random colocalizations (Table S6). With decreasing D2,
trec increases and an increasing number of monomers reach
the analysis region. Consequently, a lower fraction of
apparent dimers is detected. For D2/D1 ¼ 0.3�9% apparent
dimers are detected.

The dependence of the apparent dimer fraction on the ratio
D2/D1 is even more pronounced in the case of a diffraction-
affected laser intensity profile. Here, partial photobleaching
additionally prevents the detection of apparent dimers (black
solid line). For D2/D1 ¼ 1 �33%, apparent dimers (�30%
dimers) are detected (Table S6). ForD2/D1¼ 0.3 the fraction
of apparent dimers drops to�9% (�1% dimers). It is instruc-
10 Biophysical Journal 122, 1–14, June 6, 2023
tive to plot the fraction of apparent dimers, but excluding
those events that are due to randomly colocalized molecules
(gray solid line) as for D2/D1 ¼ 0.3 predominantly and for
D2/D1 % 0.2 exclusively apparent dimers due to random co-
localizations are detected. The counteracting influences of
partial photobleaching and random colocalizations are given
by the respective areas below the curves. The predominant
effect, however, is the decreasing number of dimers in the
analysis region with increasing mobility differences between
monomers and dimers.
Influence of partial photobleaching and random
colocalizations on the apparent tetramer fraction

Finally, we investigated the influence of partial photo-
bleaching and random colocalizations on the detection of
higher-order oligomers in in silico TOCCSL experiments.
We assumed a purely tetrameric population of molecules
(m ¼ 4) with either a diffusion coefficient of D ¼ 0.02
mm2/s, D ¼ 0.1 mm2/s, or D ¼ 0.5 mm2/s. In addition, we
included two scenarios assuming an equal mixture of two
tetrameric populations with diffusion coefficients D1 ¼
0.02 mm2/s and D2 ¼ 0.1 mm2/s or D1 ¼ 0.1 mm2/s and
D2 ¼ 0.5 mm2/s. To photobleach all tetramers in the center
of the aperture-restricted region with a probability of virtu-
ally 100%, a tbleach of 4 s was sufficient (Figs. S8 c and S10).

Fig. 5 displays each fraction of apparent n-mers after re-
covery. As in the case of dimers (see influence of mobility



FIGURE 5 The influence of partial photobleaching and random colocalizations on the apparent n-mer fractions of tetrameric populations was studied. We

studied purely tetrameric populations of molecules (m¼ 4) with a diffusion coefficient of either D ¼ 0.02 mm2/s, D ¼ 0.1 mm2/s, or D¼ 0.5 mm2/s (columns

1, 3, and 5). In addition, we included two scenarios assuming an equal mixture of two tetrameric populations with diffusion coefficients D1 ¼ 0.02 mm2/s and

D2 ¼ 0.1 mm2/s (column 2) or D1 ¼ 0.1 mm2/s and D2 ¼ 0.5 mm2/s (column 4). Molecules were exposed to photobleaching for tbleach ¼ 4 s, assuming a

diffraction-affected laser intensity profile. The optimal trec and the according analysis region were determined for each D. Shown are the mean apparent

n-mer fractions and error bars (95% bootstrapping confidence interval) from 1000 independent simulations.
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on the apparent dimer fraction) assuming fast mobility of
D ¼ 0.5 mm2/s, a high number of tetramers leave and enter
the aperture-restricted area during photobleaching. Conse-
quently, a high number of partially photobleached tetramers
from the aperture edges—predominantly apparent mono-
mers—reach the analysis region. In this scenario �33%
apparent tetramers (�32% tetramers) are detected (see
Table S7 for all n-mer fractions). With decreasing D, less
tetramers undergo partial photobleaching and an increasing
number of nonphotobleached tetramers reach the analysis
region. For D ¼ 0.1 mm2/s �44% tetramers (�44% tetra-
mers) and for slowly moving tetramers with D ¼ 0.02
mm2/s �60% apparent tetramers (�60% tetramers) are de-
tected (Table S7). For the mixed population with D1 ¼
0.02 mm2/s and D2 ¼ 0.1 mm2/s �52% apparent tetramers
(�52% tetramers) and for the mixed population with
D1 ¼ 0.1 mm2/s and D2 ¼ 0.5 mm2/s �41% apparent tetra-
mers (�40% tetramers) are detected (Table S7).

The effect of the recovery time on the detection of a
purely tetrameric population was studied in a separate set
of TOCCSL simulations for D ¼ 0.5 mm2/s (Fig. S8,
d and e). As expected, for short trec a high number of
apparent monomers are detected, which reside close to the
aperture edges after photobleaching. With increasing trec,
an increasing number of nonphotobleached tetramers from
outside the illuminated area reach the analysis region, thus
increasing the fraction of apparent tetramers.
DISCUSSION

To date, TOCCSL has been successfully applied to study the
homo-oligomeric composition of various plasma membrane
protein and lipid complexes. For transmembrane proteins in
live cells, the degree of measured oligomerization ranged
from a pure monomer population of the T cell receptor/
CD3 complex (23), to a mixed population of monomers
and dimers for the dopamine transporter (24), a mixed pop-
ulation of monomers and PIP2-stabilized higher-order olig-
omers for the serotonin transporter (25,26), up to tetramers
described for the subunit composition of Orai1 (27). Mono-
meric green fluorescent protein linked via a glycosylphos-
phatidylinositol anchor (mGFP-GPI) to the plasma
membrane of CHO cells was found to form homo-associ-
ates, while the glycolipid GM1 was confined to choles-
terol-dependent nanodomains hosting up to four GM1
molecules on the surface of Jurkat T cells (19). While the
quantification of oligomerization could be routinely per-
formed for the examples listed, the characterization of
ErbB3 homo- and hetero-oligomerization was challenged
by the dependence of the diffusion coefficients on degree
and type of oligomerization, yielding an overrepresentation
of monomeric ErbB3 and ErbB3 dimers close to the detec-
tion limit before correction (28).

To quantitatively characterize the influence of different
diffusion coefficients and experimental parameters on
the oligomerization result gained in a TOCCSL measure-
ment, we performed in silico TOCCSL experiments. For
simplicity and easy interpretation of the results we utilized
Monte Carlo-based simulations of diffusing dimers exposed
to photobleaching followed by a recovery step and quantifi-
cation of oligomerization (Figs. 1, 2, and S6). We could
identify the diffraction-affected laser intensity profile as a
major source of generating partially photobleached dimers,
which amounts to a decreased fraction of apparent dimers.
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Partial photobleaching of dimers is caused by two effects at
the edges of the aperture-restricted region: 1) diffusion of di-
mers in and out of the illuminated region during the photo-
bleaching pulse and 2) an illumination intensity decay
yielding a reduced photobleaching probability. In the
following we provide an overview of parameters and how
they influence the fraction of apparent dimers:

a. Photobleaching time (Figs. 3, a–c, and S8, a–c): tbleach
must be sufficiently long to photobleach all dimers in
the central region. Interestingly, long photobleaching
times were found to be unproblematic or even beneficial
to detect higher dimer fractions for all simulated laser in-
tensity profiles. However, for the parameters simulated
(D ¼ 0.5 mm2/s) only about 52% of apparent dimers
could be detected in a real case scenario. Note that
even for an ideal photobleaching process the dimer frac-
tion is reduced due to the detection of apparent tetramers
caused by random colocalizations.

b. Diffusion coefficient of dimers: larger diffusion coeffi-
cients result in a higher number of partially photo-
bleached dimers mainly caused by the aforementioned
effects at the aperture edges. While the apparent dimer
fraction yielded only �52% for D ¼ 0.5 mm2/s, it
increased to �68% for D ¼ 0.02 mm2/s (Fig. 4 a). A
similar dependency could be shown for tetramers
(Fig. 5).

c. Recovery time: trec was found to represent an important
parameter affecting the fraction and number of detected
dimers (Figs. 3, d and e, and S8, d and e). Long recovery
times allow for more nonphotobleached dimers to diffuse
from outside the photobleached area into the analysis re-
gion and hence result in higher dimer fractions. However,
too long recovery times result in a high density of mole-
cules. In consequence, the analysis area, in which the
probability for random colocalizations is below the
selected threshold, gets rather small. In our simulations
we selected the recovery time based on the maximum
number of molecules accepted for analysis (Figs. 2 and
S6), thereby maximizing the number of signals for reli-
able analysis. Plotting the total number of all molecules
within the analysis region versus the respective apparent
n-mer fraction (see Fig. S11 for an example of dimers)
shows the trade-off of the chosen selection: while at
the maximum number of analyzed molecules an apparent
dimer fraction of �51% is determined, the maximal
apparent dimer fraction of �67% is determined from a
substantially lower number of analyzed molecules.

d. Different diffusion coefficients of monomers and dimers:
as shown in the case of ErbB3 experimentally (28), the
diffusion coefficient can also depend on the degree of
oligomerization and/or activation state, yielding a bias
toward the fraction of the fast-diffusing species. To
address this effect in more detail, we simulated a mixed
population of 50% monomers and 50% dimers and deter-
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mined the fraction of detected dimers upon decreasing
the diffusion coefficient of the dimer population while
keeping the diffusion coefficient of monomers constant
(Fig. 4 b). Already an approximately threefold reduced
diffusion coefficient diminished the dimer fraction to
only �1%. This effect is counteracted by random coloc-
alizations caused by the presence of fast-diffusing mono-
mers within the analysis region, leading to a fraction of
apparent dimers of �9%. Hence, higher differences in
diffusion coefficients with dimer fractions below 1% de-
mand for detecting rare dimerization events, e.g., by us-
ing two-color TOCCSL (20).

Taken together, Monte Carlo-based simulations allowed
for the identification and quantification of error sources
in detecting molecular dimers and tetramers in TOCCSL
experiments. It is important to note that, in a real micro-
scopy-based TOCCSL experiment, additional error sources
associated with single-molecule detection (29–32) are pre-
sent (e.g., noise in determining the accurate single-molecule
brightness values and noise in assigning fluorescent/oligo-
meric states) and will additionally influence the final
outcome of a TOCCSL experiment. Individual error sources
can be determined and considered separately for correcting
oligomer fractions.

The gained knowledge from in silico TOCCSL can
further be utilized for:

a. The correction of apparent n-mer fractions gained in
microscopy-based TOCCSL experiments. Experimental
shortcomings described before yield a decreased
apparent dimer fraction compared with the ground truth.
In silico TOCCSL can be utilized to correct apparent
n-mer fractions, yielding a better estimate of the true
dimer fraction. A detailed characterization of the exper-
imental system to determine a priori knowledge of sur-
face densities, diffusion coefficients, photobleaching
parameters, and labeling efficiencies is the requirement
for conducting in silico TOCCSL based on the same pa-
rameters used for microscopy experiments, namely pho-
tobleaching, recovery time, and aperture size (see
Figures S6 for all parameters). After selecting an appro-
priate oligomerization model for the molecule under
investigation, e.g., based on the crystal structure or other
experimental evidence, the ground truth oligomeric frac-
tions are varied in TOCCSL simulations as shown in the
flow chart (Figures S6). As soon as the apparent n-mer
fractions match the results from the microscopy experi-
ment the true oligomeric fractions can be extracted.
Note that the analysis needs to be conducted the same
way for both the in silico- and microscopy-based
TOCCSL experiments. For simple models, i.e., the exis-
tence of only monomers and dimers, the true oligomeric
fractions could be determined as shown in (29) using this
reverse approach.
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b. Finding optimal parameters for microscopy-based
TOCCSL experiments. Similar to (a), but simulations
are performed before the actual microscopy experiment.
By varying all relevant parameters, the optimal recovery
time is calculated based on the allowed probability of
random colocalizations. Furthermore, the choice of pho-
tobleaching time and aperture size can be optimized. Us-
ing parameters gained from simulations ensures the most
sensitive detection of accurate oligomeric states in mi-
croscopy experiments. An additional in silico TOCCSL
simulation as outlined in (a) will allow for correcting
the microscopy-based results and potential refinement
of suitable TOCCSL parameters as part of an iterative
approach.

Finally, the presented simulations can easily be extended
to accommodate more complex oligomerization models
involving different oligomeric fractions. More dynamic
models assuming not only the existence of stable oligomers
could routinely be included. In general, dynamic oligomer-
ization can be quantified by using TOCCSL in two different
types of experiments: 1) if association times (toff) are at the
order of several seconds to minutes (i.e., toff considerably
exceeds the time needed for one TOCCSL experiment),
one can repeat TOCCSL experiments on the very same cells
to estimate association times. In this case, the multiple pho-
tobleaching pulses applied to the same cell will yield
decreasing fractions of higher-order apparent n-mers due
to the exchange of photobleached and nonphotobleached
subunits. Depending on the chosen time interval between
TOCCSL runs and the ratio of photobleached cell area
versus total cell area, dynamic parameters can be estimated.
This strategy was recently used to address whether subunits
of SERT (25), DAT (24), and NET (33) oligomers are
exchanged on the time scale of minutes. 2) If toff is compa-
rable with the time needed for one TOCCSL experiment,
variation of the recovery time will yield different apparent
n-mer fractions, which allows for estimating dynamic pa-
rameters. Based on in silico TOCCSL, optimal experimental
timings can be chosen such that the bias toward lower
apparent n-mer fractions is minimized and correct oligo-
meric fractions can be calculated. Importantly, for very
weak interactions (toff << trec), higher-order oligomers
will be underrepresented due to the fast exchange of abun-
dant photobleached subunits with nonphotobleached sub-
units during the recovery process.

Also, nonideal labeling conditions like degree of labeling,
maturation grade of fluorescent proteins, etc.—which have
been neglected in our study to keep interpretation of results
simple—can be embedded in in silico TOCCSL. For the
same reason of simplicity, we did not vary the bleaching
probability or adapt the size of the observed sample to simu-
late other specimen types. Our approach allows for account-
ing different methods to photobleach a defined area, e.g.,
TIR, non-TIR, or a scanned focused laser beam; for this,
the photobleaching probability can be adapted in our algo-
rithm accordingly. For all simulations we assumed mamma-
lian cells and varied the size between 10.5 $ 10.5 and 28 $ 28
mm2. Importantly, cell size and photobleached area can be
easily adapted to perform simulations for other systems,
e.g., to mimic smaller organisms like bacteria.
SUPPORTING MATERIAL
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