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Supplementary Note 1

Here, we consider homo-FRET between fluorescent proteins, which are known to
have a high intrinsic anisotropy due to their relatively slow rotational correlation times.
Energy transfer between fluorescent proteins leads to polarization scrambling and
decreased anisotropy. We approached this problem by describing homo-FRET as a
sensitized emission experiment with the parallel and perpendicular emission channels
being analogous to the donor and FRET emission channels, respectively. We include all
steps in our approach to this problem which will allow readers to follow our reasoning and
check our work. To begin, consider the coordinates associated with an anisotropy
experiment.
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In a typical spectrometer based experiment, excitation light polarized in the z
direction is transmitted along the x axis and excites a sample. The emission is detected in
one or both directions along the y axis. Emission is collected through polarization filters
which transmit light polarized parallel with the z axis (blue arrow in the figure) or
polarized parallel with the x axis (perpendicular to z, red arrow in the figure). The intensity
difference between I, and Ix polarized light indicates the polarization of the sample.
Polarization can provide a readout of the fluorophore’s rotational motion which may report
on its microenvironment or molecular binding events. Polarization (P) is defined by

IZ_IX
P = 1
I, + I @

where [; and Ix represent light polarized parallel with the z axis (parallel with the excitation
light polarization) or polarized parallel with the x axis (perpendicular to the excitation light
polarization).

In keeping with our sensitized emission analogy, [, represents the donor channel
and Iy represents the FRET channel. Similar to sensitized emission, Ix will contain the
energy transfer signal (ET) and crosstalk from non-FRETing donor molecules as well as
direct excitation and emission for this orientation.

I, = ET + crosstalk (2)



For polarization measurements on a population of molecules in the absence of homo-FRET,
any given P and I, values will produce an expected Ix. Here, we consider this signal to be the
non-FRETing crosstalk component. Therefore, measurements on these control samples
(designated o) will provide the necessary control (Ixeto/Izet0) ratio to determine the non-
FRETing crosstalk ratio. In a population of molecules undergoing homo-FRET, the ratio Ix
et1/Izet1 (et1 is used to designate an experimental sample undergoing energy transfer) will
differ due to increased perpendicular polarized light and decreased parallel polarized light.
However, for molecules in this population not undergoing homo-FRET, the ratio between
the measured I, ¢t1 value and a corresponding crosstalk component (Ixct) will be the same.
Here, the subscript .t is used to designate the crosstalk signal. Therefore, for the non-
FRETing population,

Ix ct Ix et0

(3)

Iz etl Iz et0

which allows the non-FRETing contribution in I to be determined by the following.

I =7 IxetO
xct — fzetl I
z et0

(4)

Ix eto

In keeping with the sensitized emission experiment analogy, is equivalent to the

Iz eto
bleedthrough correction factor which is required to remove donor crosstalk from the FRET

channel. Next, we substitute our newly defined terms, the measured Ix value (Ixet1), the
corrected energy transfer contribution (ETxc) for FRET, and Ik for the crosstalk
contribution in Supplementary Equation 2.

Ix et1 = ETXC + Ix ct (5)

Substitute for Ix ¢t using Supplementary Equation 4, rearrange, and this allows the
sensitized emission due to homo-FRET to be determined by

Iy eto
ETXC = Ixet1 — Iz etllx—e (6)

z et0

Important to note here is that ETx . does not represent all of the fluorescence lost from I et1
due to homo-FRET. The light polarized parallel with the y axis (Iy) will not be detected with
the configuration just described and it is necessary to account for the total isotropic
fluorescence (Ix + Iy + I;) in an anisotropy (r) experiment. In addition, just as in a sensitized
emission experiment, proper calculation of energy transfer efficiency requires
determination of the intensity of the donor in the absence of homo-FRET.



Before proceeding with the derivation based on spectrometer configurations, we
instead consider both excitation and detection of light along the x-axis which is the
configuration for an epifluorescence microscope. Here, we would collect z-polarized and y-
polarized light and similar equations could be derived if we simply substitute Iy for I.
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ETyc = lyet1 — Iz et11— (8)
z et0

Thus, to account for the decrease in I, fluorescence due to homo-FRET and find the total
sensitized emission signal (ET.), we must add the values of ETxc and ETy..

ET. = ETyc + ETy ¢ 9)
However, in most polarized imaging or spectroscopy experiments, we do not collect data
along both x and y axes and only have one perpendicular channel. This simplifies by noting
that if we assume the population of molecules is randomly oriented, then x-polarized light
can be considered equal to that of y-polarized light. Therefore, Ix = Iy, and the total isotropic
fluorescence (Ix + Iy + I;) can be described by 21y + .. Similarly, ET. can be determined by
substituting Supplementary Equations 6 and 8 into Supplementary Equation 9

Ly eto IY eto

ETC = (Ix etl — Iz etl 1—) + (Iyetl - Iz etl I ) (10)
z et0 z et0
and then substituting Iy for Ix.
Iy et0 Iy et0
ETC = (Iyetl - Iz etl 1—) + (Iyetl - Iz etl 1—) (11)
z et0 z et0



Iy eto
ETC = 2Iyetl - 212 et1L (12)

Iz et0

The axis terms are usually substituted by notations indicating polarization relative to the
excitation light. For instance, Supplementary Equation 7 for polarization (P) would have
substitutions I, = [y and I;; = [,.

p_li= L (13)
I||+IL

Using the same substitutions and accounting for the total isotropic fluorescence leads to
the familiar equation for anisotropy.

po =l (14)
L+ 21,
Similar substitutions can be made in Supplementary Equation 12 for ET..
_ IJ_etO
ETC - 2IJ_etl - 2I||et1 I (15)
||eto

To complete our analogy with a sensitized emission experiment, we need to combine the
anisotropy terms with a FRET efficiency equation from 1, where ET. represents the
corrected energy transfer signal, I4 represents the donor fluorescence in the donor channel,
and G is a factor relating the sensitized emission signal to the loss in donor fluorescence. G
must be determined for each donor-acceptor pairing on each microscope to provide an
accurate FRET measurement. This factor accounts for light transmission differences in the
emission pathways as well as differences in quantum efficiencies for the donor and
acceptor.

E= Fe/G 16
Tl R/G (o)
Continuing with our sensitized emission analogy, we must also relate the signal
observed in the FRET channel (/,) to the signal in the donor channel (/). The I, and I

emission pathways for an instrument may be equivalent with the exception of the polarizer
orientation, but optical components can introduce a polarization bias which makes
anisotropy measurements inaccurate. To compensate, a factor, called g, describes any
polarization bias in the instrument and is generally determined for any anisotropy
experiment. It is most easily determined using small, freely diffusing and rotating
fluorescent molecules which should display no polarization bias and the determined g is
used to scale the intensity I, to that of I;;. Thus, the fully corrected anisotropy equations

also have the g factor, which we insert into Supplementary Equations 14 and 15.



Iy — gl
o Ip= gl

g 1 leto

ETC = ngJ_etl - 2I||et1 1”
et0

(18)

Since the g factor determined for anisotropy measurements adequately compensates for
instrument related signal differences in I, and I;; and the donor and acceptor are the same
type of molecule with no differences in extinction coefficient or quantum yield, the G factor
normally associated with FRET experiments in Supplementary Equation 14 is unnecessary.
Thus, we have

L 19

" I+ ET, (19)
into which we can substitute our donor channel signal (/j,e¢;) and our corrected energy
transfer signal (ET).

I
ngJ_etl - 2I||et1 % et
||eto

E= (20)

I
Liern + 2911601 — 2ljjers gI L0
||eto

Here, we must point out where our analogy with a hetero-FRET sensitized emission
experiment markedly diverges and we introduce a term to replace E for the energy transfer
efficiency we are reporting. Treating anisotropy measurements in this manner cannot
detect all homo-FRET energy transfer between molecules since the molecules with parallel
dipole orientations will undergo efficient energy transfer but will not produce a detectable
difference anisotropy. Moreover, any homo-FRET signal in the parallel channel is treated as
non-FRET signal. Thus, the energy transfer indicated in Supplementary Equation 20 is
actually a conversion of the perpendicular channel signal into a value representing the
percent signal change. Although we consider delta r FRET (drFRET) to be akin to hetero-
FRET efficiencies, it is denoted differently here since we report only on the increased
perpendicular channel signal and we wish to avoid confusion when comparing FRET
efficiencies for the same protein-protein interactions using homo-FRET versus hetero-
FRET approaches. Therefore, substitution into Supplementary Equation 20 provides the
following.

gIJ_etO
Ljjeto

gIJ_etO
ljjeto

ngJ_etl - 2I||et1

drFRET = (21)

Liern + 2911601 — 2ljjers



While this equation could perhaps be used directly, relating measured anisotropies to
energy transfer simplify analyses. Consider Supplementary Equation 17. Simple
rearrangement shows how the ratio of /, and I} relate to a measured r.

rl+ r2gl, = [ — g1, (22)
gl + r2gl, =1, — ] (23)
gli(l+ 2r)=L(1—-1) (24)
gI_IL B ((11+_ zrr)) (25)
I
-

gl = 1||m (26)

The relationships described in Supplementary Equations 25 and 26 should hold for both

the non-FRETing control (et0) and the experimental (er1). Designating the variables
accordingly produces two equations

91 et _ (1 — retO)

= 27
I||et0 (1 + 27‘etO) ( )
(1 - retl)
I =1 —_—
9liet1 ||let1 (1 + zretl) (28)

which can be substituted into Supplementary Equation 21.

21 (1 — retl) — 2] (1 — retO)
llett (1 + 27‘etl) llett (1 + 27‘etO)

drFRET = 2
o o) O e 7
[let1 |let1 (1 + 27er) [let1 (1 + 2re0)
Factor out /et .-
(1= Ters) (1 — Tero)
e LS — 2 )
llettl= (1 4+ 2 1+ 2
drFRET = ( Tet1) ( Teto) (30)

(1= Ter) 2 (1 = Tero)
(1 + 27er) B 1+ 27”eto))

I||et1(1 + 2

The Ijjet1 in the numerator and denominator cancel. Multiply the terms located in both the
numerator and denominator by their coefficients.



(2 = 21en) _ (2 = 27ero)
(1+ 2re) (14 21g)

(2 — 27ey) _ (2 = 27ero)
(1 + 2re1) (14 27er0)

drFRET =

(31)

1+

Find a common denominator for the functions in the numerator and denominator by
multiplying both by (1 + 27.1) (1 + 27610) /(1 + 27e1) (1 + 27er0)-

(2 = 2re)(1 + 27e)) (1 + 27e0) _ (2 = 21600) (1 + 27e) (1 + 27e4)

(14 21 ) (A + 2100) (A + 270) (1 + 2740) (1 + 2761) (1 + 27y0)
(A4 2r)(A + 21) | (2= 276) (A + 274) (1 + 27540) _ (2 = 27e) (1 + 27 ) (1 + 27e0)
(14 2rg) (A + 270) (14 2760) (1 + 2760) (A + 2700) (14 2710) (1 + 27001) (1 + 275y0)

drFRET =

(32)

Several terms will cancel to give a common denominator.

(2 = 21 )+ 27 (1 + 20erg) (2= 27e0) (1 + 2700 JEE+—20)
G4+ 27 (1 + 210) (1 + 270) (1 + 27040) (1 + 27 JE+2%)

drFRET = (1 + 21e) (X + 27e0) + (2 = 21 )B4+ 25 (1 + 2rerg) ~ (2 — 27epg)E+20d (1 + 270) (33)
(14 2r) (A + 2740) * (14 27 B2 (1 + 20y) (14 27027 (1 + 275)
(2- Zretl)(1(+ 2Tet0) )_( (2 - Zret)o)(l + 27eq)
_ 1+ 2re1)(1+ 2re
drFRET = (A + 27re) (A + 27g40) + (2 — 27¢1) (1 + 2Ter0) — (2 = 2740) (1 + 27eyq) (34)
(14 27re) (A + 270)
The division of these fractions will cancel more terms.
(2 = 21e) (A + 27gp0) — (2= 270) (1 + 27y)
drFRET = (1 + 27re) (A + 27gp0) + (2 — 27¢1) (1 + 2Ter0) — (2 = 2740) (1 + 27eyq) (35)
O+ 2P+ 27
drFRET = (2 = 21ee) (A + 27gp0) — (2= 27er0) (1 + 27ery)
(14 27re) (A + 27gp0) + (2 = 27ee1) (1 + 2Terg) — (2 = 27r0) (1 + 2Terq) (36)

Use the FOIL method to multiply the binomial expressions in the numerator and
denominator.

_ 2+ 4ATero — 2Tty — HeroTers — (2+ 4oty — 2Tero — TeroTert)
drFRET = (3 7)
1+ 27po + 2Teps + ATeroTers + 2 + Terg — 2Ters — HeroTers — (2 + 47ep1 — 2Terg — ATeroTerr)

Rearrange while accounting for the negative coefficient for the last binomial multiplication
in both the numerator and denominator.

_ 2—2 4 ATorg + 2Tero — 2Ters — Her1 — Hewter+Heowtemr
drFRET = (38)
14+ 2—=2 4 2140 + Aero + 2Tero T Zrer—2%er — Her1 T HeroTet1 —HewFer+Hewte

Cancel and combine several of the terms.



67‘etO - 67‘etl
drFRET =
1+ 87‘etO - 4ret1 + 4ret0ret1 (39)

6(Toro — T
drFRET — ( et0 etl) (40)
1+ 87‘etO - 4ret1 + 4ret0ret1

The final Supplementary Equation 40 comes with at least one caveat. The anisotropy for
the control should represent the anisotropy of the molecule of interest in the absence of
FRET. While this seems obvious, it may not be practical to determine this value for some
molecules. For instance, a fluorescently labeled protein may have different anisotropies as
a monomer versus a dimer even in the absence of homoFRET since the rotational dynamics
of the dimer might be different compared to the monomer. In such an example, the dimer in
the absence of FRET would be expected to have a higher anisotropy. The presence of homo-
FRET would reduce the anisotropy to ret1, but using the reo value determined from a
monomer would underestimate the energy transfer. Such a small difference may have little
consequence if one wishes only to compare FRET efficiencies measured across laboratories
under numerous conditions, but we feel obligated to point out this potential pitfall.

On the other hand, photobleaching or photoswitching off of the fluorescent tags can
provide a readout of the anisotropy of the molecule of interest in the absence of reduced
energy transfer. When photoswitched on, anisotropy measurements of photoswitchable
fluorescent proteins provide ret1 at the initial fluorescence level. As the molecules
photoswitch off over time, they will no longer be able to FRET with neighboring molecules.
Thus, the anisotropy will increase to conditions closely resembling a true reto, where the
measured anisotropy is dictated by rotational motion of the protein complex and is
independent of FRET.
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Supplementary Figure 1. Three dimensional graphs show the relationship between
FRET efficiency values and changes in anisotropy. Here, we show the range of
obtainable values using three equations found within the literature?-#* and our own
Supplementary Equation 40 to convert anisotropy changes to energy transfer efficiency.
Here, we assumed one-photon excitation and photoselection of an isotropic oriented
population of fluorophores with the minimum and maximum anisotropy values of -0.2 and

0.4, respectively. The equations are as follows (a) E = 1 — :—C, where rc=ret and rm=reo. (b)

_ 2(ro1— (1) _ _ _ 12(rmax—T1)
E = B , where (r)=ret and roi1=rew. (¢) E = e

dI'FRET — 6(ret0_ret1)

1+8Teto—4Tet1t4TetoTet1

, where r=ret1 and rmax=rew. (d)
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Supplementary Figure 2. The relationships associated with drFRET, ret, and deltar.
(a) To readily show the relationship over the range of anisotropy values and changes in
anisotropy we observe in our psAFRET experiments, we plot three different delta r values
(0.1, 0.05, and 0.01) for a rerorange of 0.1-0.4. This illustrates that a given delta r represents
a slightly different drFRET value depending on the reo value. (b) Rearranging
Supplementary Equation 40 to isolate ret1, we can calculate the change in anisotropy (delta
r) expected for a given rero and three different drFRET (0.25, 0.15, and 0.05).
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Supplementary Figure 3. Photobleaching anisotropy measurements of Cerulean and
Venus fluorescent proteins. (a) Absorption (open circles) and emission (open squares)
spectra of Cerulean protein are shown. The spectral overlap between the absorption and
emission are shown by the gray area. (b) Absorption (open circles) and emission (open
squares) spectra of Venus are shown. The spectral overlap between the absorption and
emission are shown by the gray area. (c¢) COS-7 cells expressing Cerulean (green) or
Cerulean-Cerulean (magenta) were imaged and photobleached while collecting parallel and
perpendicular polarized fluorescence emission. The anisotropy was determined and
displayed as a function of the fluorophore photobleached. The data points representing
~80% of the fluorescence were fitted to a linear equation (black line). (d) COS-7 cells
expressing Venus (black circles), V2 (green circles), V3 (magenta circles), V4 (blue circles),
or V5 (open circles) were imaged and photobleached while collecting parallel and
perpendicular polarized fluorescence emission. The anisotropy was determined and
displayed as a function of the fluorophore photobleached. The data points were fitted to a
linear equation to determine the change in anisotropy. The steady-state anisotropy values
for the Venus oligomers were determined from single images of the oligomers expressed in
COS-7 cells combined with the data points collected at the onset of the photobleaching
experiment (inset; white columns). Data represent mean*sem (n=37, 36, 24, 32, and 29 for
V1,V2,V3,V4, and V5, respectively). ANOVA tests indicated significant differences in
conventional steady-state anisotropy for all oligomers (p-value <0.05; Cohen’s d values
ranged from 0.77 - 6.87). (e) Linear fits of the data in ¢ were used to determine the



anisotropy of Cerulean and Cerulean-Cerulean before photobleaching (white columns),
after photobleaching (black columns) and the difference (hatched columns). Data represent
meanzsem (n=15 and 11 for Cerulean and Cerulean-Cerulean, respectively). ANOVA tests
indicated significant differences between the pre- and post-photobleaching Cerulean-
Cerulean anisotropy values (p-value <0.05; Cohen’s d = 1.49). Two-tailed t-tests indicated a
significant difference in the delta r between Cerulean and Cerulean-Cerulean (p-value
<0.05; Cohen’s d = 2.27) (f) Linear fits were used to determine the change in anisotropy
(deltar) of the Venus oligomers during the photobleaching experiment (hatched columns).
Data represent meantsem (n=6, 6, 5, 6, and 6 for V1, V2, V3, V4, and V5, respectively).
ANOVA tests indicate significant differences in delta r for all oligomers (p-value <0.05;
Cohen’s d ranged 1.71 - 14.85). Circles overlaid on columns in the bar graphs represent
individual data points. Source data are provided as a Source Data file.

Fluorescence
{(mean pixel values)

0
0 10 20 30 40 50 60 70
Time (sec)

Supplementary Figure 4. Photoswitching anisotropy measurements of Dronpa
fluorescent protein. A COS-7 cell expressing Dronpa was excited using 488nm excitation
and imaged with parallel and perpendicular emission channels. The fluorescence
intensities in the parallel (green) and perpendicular (magenta) are shown. Brief
illumination with 405nm light photoswitches Dronpa back to the on state and restores the
parallel and perpendicular fluorescence signal. In this example, three photoswitching on-
off cycles are shown. Source data are provided as a Source Data file.
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Supplementary Figure 5. Comparisons of delta r calculations made from psAFRET
experiments and conventional anisotropy calculations. Conventional anisotropy
measurements can be made on psAFRET data using the parallel and perpendicular channel
intensities from the first image of a photoswitching experiment. (a) The delta r values
determined from psAFRET for Dronpa, D5D, D17D, and D32D in figure 2 of the main text
(black columns) are compared here with the delta r values determined from conventional
calculations using Dronpa alone as the non-FRET control (hatched columns). Data
represent mean * sem (n= 30, 33, 23, and 33 for D, D5D, D17D, and D32D, respectively).
ANOVA tests indicated significant differences between psAFRET and conventional delta r
values for D5D (p-value <0.05; Cohen’s d = 1.47). (b) Conventional steady-state anisotropy
determinations for Dronpa alone are compared with the steady-state anisotropy for
Dronpa-5-mCherryAmber (D5ChA), a non-FRET control chimera which should be
approximately the same size as D5D. Data represent mean * sem (n=159 and 18,
respectively). Two-tailed t-tests indicated a significant difference between Dronpa and
D5ChA (p-value <0.05; Cohen’s d = 4.67). (c¢) The psAFRET analyses produces estimates of
reto, which is the anisotropy in the absence of energy transfer. These are plotted for the
Dronpa, D5D, D17D, and D32D chimeras discussed in figure 2 of the main text. Data
represent mean * sem (n= 30, 33, 23, and 33 for D, D5D, D17D, and D32D, respectively).
ANOVA tests indicated significant differences between D5D and the other chimeras (p-
value <0.05; Cohen’s d ranged from 1.49 - 1.76). (d) The delta r values determined from
psAFRET for Dronpa, D2, D3, D4, and D5 in figure 3 of the main text (black columns) are
compared here with the delta r values determined from conventional calculations using
Dronpa alone as the non-FRET control (hatched columns). ANOVA tests indicated
significant differences between psAFRET and conventional delta r values for D2, D3, and
D4 (p-value <0.05; Cohen’s d ranged 0.51 - 0.79). Data represent mean * sem (n=45 for
each). Circles overlaid on columns in the bar graphs represent individual data points.
Source data are provided as a Source Data file.
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Supplementary Figure 6. Simulations of photoswitching anisotropy measurements of
Dronpa oligomers. The anisotropy of Dronpa oligomers, Dronpa (filled black circles), D2
(open green circles), D3 (filled red squares), D4 (open blue squares), and D5 (open
magenta triangles) were simulated as a function of fluorophore photoswitched. Based on
the studies of Runnels and Scarlata®, the expected changes in anisotropy as a function of
cluster size are heavily dependent on the ratio of the separation distance to Ro. Thus, it is
noteworthy that the upward curvatures of the photoswitching or photobleaching profiles
depend on the separation distance between the molecules being < 0.8 Ro ¢. (a) The
oligomers were simulated using a binomial distribution described in Yeow and Clayton®.
Dronpa has an Ry ~5.3nm and an assumption for this approach is that the average distance
between the fluorophores is 0.8*Ro. (b) The backbone beta-barrel structure of Dronpa
molecule is shown to be approximately 4 nm in length and 2 - 2.5 nm in diameter”.
However, inclusion of the side chains and space filling models suggest that likely the closest
distance between two fluorophores will be ~3nm. (c) For this example, two Dronpa
molecules are linked with a 5-amino acid linker and moved as far apart as possible. The
chromophore to chromophore distance could reach ~6 nm. As noted previously??,
assuming an average x*=2/3 for fluorescent proteins is not valid but would represent the
most liberal estimate and result in the highest possible Ro. Assuming this best case scenario
and using the overlap integrals between the absorption and emission spectra for Dronpa
and Venus, we calculated the Dronpa-Dronpa and Venus-Venus Ry values to be ~5.3nm.
Therefore, the chromophores for our oligomer chimeras would need to be within ~4.25 nm



to meet <0.8 Ry criteria. (d) Simulations were performed in which 100,000 Dronpa
molecules are randomly assembled into dimers with a limitation of 3nm minimum distance
and 6nm maximum distance between the chromophores. The arrow indicates the
approximate 0.8*Ro for Dronpa homo-FRET. (e) For this example, five Dronpa molecules
are linked with 5-amino acid linkers and are shown in one potential configuration. This
suggests that the distances between each of the chromophores can be variable for a
Dronpa5 chimera. (f) Simulations were performed in which 100,000 Dronpa molecules are
randomly assembled into pentamers with a limitation of 3nm minimum distance and 6nm
maximum distance between each chromophore in the linear sequence. These show an even
broader distribution with the separation distances up to ~20 nm for each molecule in the
chain. Dronpa images were produced using the Swiss PDB Viewer using the Dronpa
structure pdb file 2IE2 7.
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Supplementary Figure 7. Illumination dependence of Dronpa oligomer psAFRET
measurements. (a) COS-7 cells expressing D5 were excited using 488nm excitation under
high (green squares) or low (magenta circles) laser intensity and imaged with parallel and
perpendicular emission channels. The total fluorescence intensities were normalized to the
initial fluorescence and are displayed as Dronpa is photoswitched off. (b) The anisotropy
was determined and displayed as a function of the fluorophore photoswitched under high
(green circles) and low (magenta circles) 488nm laser illumination. (c) The data points
representing ~80% of the fluorescence were fitted to linear equations. These were used to
determine the anisotropy before and after photoswitching and the difference in anisotropy
(delta r, black columns) is shown compared to its conversion to FRET efficiency (white
columns). Data represent mean+sem (n=21 for both low and high power). Two tailed t-
tests found no significant differences between the delta r values nor the drFRET values
when comparing the low and high laser power experiments. Circles overlaid on columns in
the bar graphs represent individual data points. Source data are provided as a Source Data
file.
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Supplementary Figure 8. Photoswitching anisotropy measurements of Dronpa
fluorescent protein oligomers. COS-7 cells expressing (a) Dronpa or (b) D5 were imaged
using either a 20X 0.75 NA, 40X 1.0 NA, or 100X 1.4 NA objective lens as indicated. The
anisotropy during photoswitching was determined, plotted as a function of the fluorophore
photoswitched, and the data points representing ~80% of the fluorescence were fitted to
linear equations. The linear fits were used to determine the anisotropy of Dronpa
oligomers before photoswitching (white columns) and after photoswitching (black
columns). As indicated, data are uncorrected or corrected for use of high NA objective
lenses using the Axelrod correction. For Dronpa measurements (a), ANOVA tests indicated
no significant anisotropy differences between pre-photoswitching (white columns) and
post-photoswitching (black columns) for each condition. Significant differences were
observed between the anisotropy values for the various objectives (p-value <0.05; Cohen’s
d values ranged from 1.08 - 5.18) except for the uncorrected 20X and 40X pre-
photoswitching measurements (white columns). For the D5 measurements (b) significant
differences were found in ANOVA comparisons between pre-photoswitching (white
columns) and post-photoswitching (black columns) for all conditions as well as significant
anisotropy differences in comparisons between objectives (p-value <0.05; Cohen’s d values
ranged from 0.97 - 7.75). Data represent mean+sem (n=21, 39, and 39 for 20X, 40X, and
100X, respectively in a; n=24, 42, and 45 for the 20X, 40X, and 100X, respectively in b).
Circles overlaid on columns in the bar graphs represent individual data points. Source data
are provided as a Source Data file.



VSVG-Dronpa

Supplementary Figure 9. Example images of Dronpa tagged proteins. COS-7 cells
expressing (a) Dronpa, (b) Vimentin-Dronpa, (c) VSVGtsO45-Dronpa, or (d) EGFR-Dronpa
were imaged and photoswitched. A subset of EGFR-Dronpa expressing cells were also
treated with EGF. These images are derived from the parallel fluorescence emission
channel. Scale bar in (a) is 10um and applies to all images.



Supplementary Figure 10. Core histone-Dronpa proteins are modeled in a
nucleosome. A nucleosome is shown from orthogonal views in which two Dronpa
molecules have been depicted as attached to the C termini of (a-b) H2A, (c-d) H2B, (e-f) H3,
and (g-h) H4. These images show the DNA (blue), H2A (yellow), H2B (red), H3 (orange),
and H4 (magenta). Images were produced using the Swiss PDB Viewer using the
nucleosome structure pdb file 1eqz!? and the Dronpa structure pdb file 21E27. (i) The
tetranucleosome structure pdb file 1zbb'! was used with pdb file 2IE2 to depict the
potential locations of Dronpa attached to the C-termini of H2A (yellow) and H2B (red)
during predicted higher order chromatin folding.
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Supplementary Figure 11. Expression levels for Dronpa tagged histones. COS-7 cells
expressing H2A-Dronpa, H2B-Dronpa, H3-Dronpa, and H4-Dronpa were imaged and
photoswitched. The cells were mock treated (white columns) or treated with Calyculin A
(hatched columns) before imaging. The values represent the total fluorescence signal from
each cell in pixel values determined from the first image of the photoswitching experiment
using I; + 2gI,. Data represent meantsem (n=19, 20, 20,10, 13, 10, and 20 for H2A-,
H2A+, H2B-, H2B+, H3-, H3+, H4-, H4+, respectively). Two-tailed t-tests did not indicate a
significant difference between the fluorescence levels of the control versus Calyculin A
treated cells for any of the histone chimeras. Circles overlaid on columns in the bar graphs
represent individual data points. Source data are provided as a Source Data file.



Supplementary Table 1. ANOVA and Tukey-Kramer test (o = 0.05) results for figure 4
in the main text.

Chimera | Objective lens deltar drFRET
comparison
Uncorrected | Corrected | Uncorrected | Corrected
(Cohen’sd) | (Cohen’sd) | (Cohen’sd) | (Cohen’s d)
4a.D1 20X-40X 1.17 1.15 1.08 1.05
20X-100X 1.36 1.41 1.39 1.4
40X-100X n.s. n.s. n.s. n.s.
4b. D5D 20X-40X n.s. n.s. n.s. n.s.
20X-100X 1.37 0.96 n.s. n.s.
40X-100X 1.09 n.s. n.s. n.s.
4c.D32D 20X-40X 0.88 0.91 0.69 0.66
20X-100X 1.22 0.81 n.s. n.s.
40X-100X n.s. n.s. n.s. n.s.
4d. D5 20X-40X 0.89 0.92 n.s. n.s.
20X-100X 1.74 1.09 n.s. n.s.
40X-100X 0.85 n.s. n.s. n.s.

n.s. = no significant difference observed




Supplementary Table 2. List of primers used in this study.

Primer name

Sequence (5’---3°)

Cerulean_5_Bgl2

GATCAGATCTGTGAGCAAGGGCGAGGAG

Cerulean_3 EcoR1

GATCGAATTCCTTGTACAGCTCGTCCAT

Dronpa_5_Bgl2

GATCAGATCTAGTGTGATTAAACCAGAC

Dronpa_3_EcoR1

GATCGAATTCCTTGGCCTGCCTCGGCAG

Dronpa_5_Kpn1l

GATCGGTACCATGAGTGTGATTAAACCAG

Dronpa_3_BamH1

GATCGGATCCTTACTTGGCCTGCCTCGG

D3_5_Sall GATCGTCGACGGGTGAGCAAGGGCGAGGAG
D3_3_BamH1 GATCGGATCCCTTGTACAGCTCGTCCAT
D4_5_BamH1 GATCGGATCCACTGGAACTAGTGTGATTAAACCAG
D4_3_Xbal GATCTCTAGACTTGGCCTGCCTCGGC

D5_5_BspE1l GATCTCCGGAACTGGAACTAGTGTGATTAAACCAG

D5_3_Bgl2

GATCAGATCTAGTTCCAGTCTTGGCCTGCCTCGGC
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