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ABSTRACT

The dynamic rearrangement of chromatin is criti-
cal for gene regulation, but mapping both the spa-
tial organization of chromatin and its dynamics re-
mains a challenge. Many structural conformations
are too small to be resolved via conventional fluo-
rescence microscopy and the long acquisition time
of super-resolution photoactivated localization mi-
croscopy (PALM) precludes the structural charac-
terization of chromatin below the optical diffraction
limit in living cells due to chromatin motion. Here
we develop a correlative conventional fluorescence
and PALM imaging approach to quantitatively map
time-averaged chromatin structure and dynamics be-
low the optical diffraction limit in living cells. By
assigning localizations to a locus as it moves, we
reliably discriminate between bound and unbound
dCas9 molecules, whose mobilities overlap. Our ap-
proach accounts for changes in DNA mobility and re-
lates local chromatin motion to larger scale domain
movement. In our experimental system, we show that
compacted telomeres move faster and have a higher
density of bound dCas9 molecules, but the relative
motion of those molecules is more restricted than in
less compacted telomeres. Correlative conventional
and PALM imaging therefore improves the ability to
analyze the mobility and time-averaged nanoscopic
structural features of locus specific chromatin with
single molecule sensitivity and yields unprecedented
insights across length and time scales.

INTRODUCTION

The spatio-temporal organization of chromatin regulates
gene expression on various length and timescales. On the
smallest length scale of individual nucleosomes (~10 nm),
which is also referred to as the primary structure of chro-

matin, covalent modification of histone tails regulates the
interaction of nucleosomes with DNA and therefore chro-
matin accessibility (1-3). The secondary structure integrates
features of the primary structure in organizations up to
~100 nm (1-3). The tertiary structure of chromatin com-
prises larger domains such as enhancer promoter contacts
to regulate gene expression (1,3). In addition the regulation
of DNA accessibility controls transcription factor binding
(4). Even larger chromatin structures such as topologically
associated domains can create long range contacts for in-
stance in super-enhancer complexes to activate transcrip-
tion (2). Many sequencing based methods have been used
to indirectly characterize chromatin structure across these
length scale (4). However, these methods only provide time-
averaged structural information of a population of cells or
a structural snapshot of a single cell (2,5). Recent evidence
suggests that chromatin compaction, condensation, and ac-
cessibility is dynamically regulated at both small and large
length scales as well as fast and slow time scales (6). The
degree in correlated movement between small chromatin
structures and the large chromatin domains they reside in
has been recognized as an important feature of nuclear
phase condensates, which are hypothesized to help regulate
gene expression (6—11). Therefore, studying the nanoscopic
structure and dynamics of chromatin across time and length
scales is needed to characterize how genome organization
affects gene regulation (6,7,12). Here, we present a correl-
ative conventional fluorescence and photoactivated local-
ization microscopy (PALM) approach that overcomes cur-
rent limitations to study the relation between time-averaged
chromatin structure such as the size or compaction of a lo-
cus and its dynamics across various time and length scales
in living cells.

Recently, CRISPR/dCas9-based fluorescence imaging
methods have been developed as a modular approach to
map chromatin structure and dynamics. By using pro-
grammable guide RNAs (gRNA), fluorophores can be tar-
geted to specific sequences in the genome (13-16). These
methods require tens of fluorescent probes to be bound to a
locus of interest in order to overcome the background fluo-
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rescence from the majority of freely diffusing and search-
ing probes (13,15-18). To reduce the number of gRNAs
needed to detect the fluorescence signal of a locus, repetitive
RNA aptamers such as MS2 sequences have been appended
to gRNAs (19-22). By employing these labeling strategies
in conjunction with conventional fluorescence time-lapse
imaging, valuable information about the slow and long-
term dynamics of loci has been obtained. However, the op-
tical diffraction limit precludes the ability of conventional
fluorescence imaging to map the organization of smaller
chromatin structures below ~250 nm. With the advent
of photoactivated localization microscopy (PALM), it be-
came possible to track single molecules in living cells (also
called single-particle tracking PALM, sptPALM) (23,24)
and to resolve intracellular structures in fixed cells with ~20
nm resolution (25,26). By employing sparse activation of
photoactivatable or photoswitchable fluorophores, PALM
avoids spatio-temporal overlap of dense emitters and allows
for the determination of the precise locations of individ-
ual fluorophores by Gaussian fitting. Over time many lo-
calizations are then accumulated for linking them to molec-
ular trajectories or for resolving structures below the opti-
cal diffraction limit. Recently, CRISPR /dCas9-based DNA
labeling has been combined with PALM to monitor chro-
matin dynamics in living eukaryotic and prokaryotic cells
or to obtain structural information such as chromatin com-
paction or condensation in chemically fixed cells (27-33).
However, the long acquisition times required for PALM
imaging preclude the ability to obtain both, structural and
dynamic information in living cells because the motion of
DNA spreads out the localizations of fluorophores bound
to a locus along its trajectory. Therefore, it is a challenge
to relate chromatin structure and dynamics across length
and time scales and to characterize dynamic chromatin re-
arrangements below the optical diffraction limit (6).

Correlative single molecule and conventional (or stimu-
lated emission depletion, STED) approaches have been pre-
viously used to study the nanoscale organization and the
dynamics of various biological structures in living cells (34—
42). These studies involve dual tagging of the same protein
or of interacting proteins with a conventional and a PALM
compatible fluorophore. In this way, it has been possible
to observe how the protein appended with the PALM tag
moves relative to the conventionally tagged protein. These
methods have been employed to characterize protein in-
teraction kinetics and to obtain both dynamic and struc-
tural information about specific organelles (34-40). Like-
wise, STED (43-45) and SIM (46,47) can obtain structural
and dynamic information in living cells below the optical
diffraction limit. However, super-resolved structural infor-
mation of a specific locus and its overall motion cannot
be related to the nanoscopic motion of single fluorophores
in living cells, which is key for determining dynamic re-
arrangements of chromatin.

Here we develop a correlative conventional fluorescence
and PALM imaging approach in living cells to bridge these
gaps of current techniques. This approach allows to re-
solve and quantify time-averaged chromatin structures by
correcting for their motion and to simultaneously measure
their nanoscopic re-arrangements. In addition, single fluo-
rescent probes are more reliably identified to be associated

PAGE 2 OF 15

with a moving locus in order to determine their mobility
state. We demonstrate correlative conventional and PALM
imaging using the well characterized telomere sequences as
a model system. First, we tagged dCas9 and the MS2 coat
proteins (MCP) that bind to a modified telomere-targeting
gRNA scaffold with a conventional and a spectrally distinct
PALM fluorophore. Next, each telomere is tracked with the
conventional fluorescence signal while the single molecule
localizations are recorded in the PALM channel of the mi-
croscope. The trajectory of the locus is then subtracted from
the coordinates of the single molecule localizations to cor-
rect for motion blurring. As a result, structural parameters
such as the time-averaged size of a locus or the density of
bound probes can be quantified, which can yield insights
into the compaction of chromatin. By determining the lo-
cation and mobility of a locus relative to the traces of sin-
gle dCas9/MCP complexes during imaging, dCas9/MCP
complexes can be more reliably identified to be bound to
a locus. This relative motion of single molecules compared
to the locus shows how smaller scale chromatin rearrange-
ments occur within the larger scale chromatin movements.
Furthermore, we relate the compaction and condensation
of telomere clusters to their local and global chromatin mo-
bility. This study demonstrates that correlative conventional
fluorescence and PALM imaging accurately identifies Cas9
molecules bound to a locus and yields quantitative dynamic
and time-averaged structural information about specific ge-
nomic loci at the nanoscale in living cells.

MATERIALS AND METHODS
Plasmid generation

2XMS2 gRNA scaffold and MCP-HaloTag plasmids
were obtained from Thoru Pederson through Addgene
(20,21). The CMV-S.p.dCas9-VP64 plasmid obtained from
Charles Gerbasch through Addgene was used as the
backbone vector. A PCR was performed with eGFP us-
ing Thermofisher Platinum Taq High Fidelity to add
Bstell and AflIl restriction enzyme sites on the N-
terminus and C-terminus of GFP respectively with the for-
ward primer: AGTCAGCTAGGAGgtgacccaggagctcccaa
gaaaaagcgcaaggtaggtagttcecgtgagcaagggegaggagctaand re-
verse primer GCTGATCAGCGGTTTAAAC Cttaagtttacttg
tacagctcgtccatgecgag. The purified PCR product and CM V-
dCas9-VP64 backbone were digested using NEB Bstell-
HF and AfIII-HF restriction enzymes, gel purified and
ligated using the NEB T4 DNA ligase kit. Ligated plas-
mids were amplified with DH5a competent cells and pu-
rified using Qiagen Miniprep kit. mEos2 (obtained from
Davidson Lab) was cloned into a CMV-MCP-YFP plas-
mid (from Mazhar Adli from Addgene) to replace MCP-
YFP (22). A PCR was performed on mEos2 using Ther-
mofisher Platinum Taq High Fidelity to add an BstXI re-
striction enzyme site to the N terminus of mEos2 and to
add a nuclear localization sequence followed by a stop
codon and Xbal restriction enzyme site to C terminus of
the mEos2 using the forward primer: ggagacccaagcttatggge
tacccctacgacgtgeccgactacgecatgagtgegattaagecagacatg and
reverse primer aacttaggccctctagatgcatgttatacctttctcttettttt
tggtegtctggeattg. The PCR product and CMV-MCP-YFP
plasmid were digested with BstXI and Xbal restriction
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enzymes, gel purified, ligated and amplified as before.
CRISPR gRNAs sequences targeting telomeres were pre-
viously published (13). Repetitive telomere targeting se-
quences appended with ACCG and AAAC nucleotide over-
hangs were obtained as individual oligos from IDT with the
sequences accgGTTAGGGTTAGGGTTAGGGTTA and
2aacTAACCCTAACCCTAACCCTAAC. The oligos were
annealed and cloned into a 2xMS2 gRNA scaffold plasmid
(obtained from Thoru Pederson through Addgene) using
previously described protocols (20,21).

Cell line culture, transfection and sample preparation

All imaging experiments were performed with Gastroin-
testinal Stromal Tumor Cells (GIST-T1) provided by Tamas
Ordog and Yujiro Hayashi. Cells were cultured in Fluo-
robrite Media supplemented with 10% Fetal Bovine Serum
(FBS), 4 mM L-Glutamine, and 1% Pencillin/Streptomycin
to eliminate fluorescence from phenol red. Cells were seeded
in No 1.5 8-well plates (IBIDI) at a density of 50000 cells/ml
two days prior to imaging. 200 ng of telomere gRNA along
with 50 ng of MCP-HaloTag and 50 ng of dCas9-GFP
plasmids were transfected into GIST-T1 cells 15-17 hours
prior to imaging using the Lipofectamine 3000 and p300
reagent. After transfection, cells were washed twice with
serum diluted Fluorobrite media with 1% FBS and 1%
Pencillin/Streptomycin. Cells were incubated with 100 nM
of PA-JF646 HaloTag dye provided by Bo Huang in serum
diluted media for 15 minutes. After incubation cells were
washed with serum diluted Fluorobrite media 3 times and
placed in a 37°C and 5% CO incubator for an additional 30
minutes. The washing process was repeated three additional
times prior to imaging to remove unbound PA-JF646 dye
that is still able to fluoresce. Cells identified as containing
gRNA exhibited distinct GFP clusters throughout the nu-
cleus while cells that weren’t transfected with gRNA didn’t
contain these distinct nuclear clusters.

Microscope setup, camera calibration and imaging

The microscope setup and camera calibration that was used
for imaging was previously described (48,49). In short, a
Nikon inverted microscope (Eclipse Ti-E) equipped with a
perfect focus system was used for imaging experiments. All
movies were recorded on an Andor iXon 897 Ultra DU-
897U electron multiplying charge coupled detector (EM-
CCD) camera, which was cooled to —70°C and set to an
amplifying gain of 30. The 4 excitation lasers (405 nm,
488 nm, 561 nm, 640 nm OBIS-CW, Coherent Optics)
were aligned, expanded, and focused into the back focal
plane of the objective (Nikon CFI 100 x 1.49 NA oil
immersion) using a variety of dichroic mirrors, beam ex-
panders, and lenses. Laser intensity modulation was con-
trolled digitally by a computer via USB. A quad band di-
choric mirror (ZT405/488/561/640rpc; Chroma) was used
to separate fluorescence emission from excitation light. Flu-
orescence emission was further split into the far red and
green signal using a dichroic longpass beamsplitter (FF652-
Di01; Semrock) and band pass filters FF731/137 (Semrock)
for the far-red channel and ET525/50 (Chroma) for the
green channel. Programmable shutter sequences were in-
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putted into an NI-DAQ board to synchronize laser out-
put with camera frame duration. The HAL4000 software
(Zhuang lab github https://github.com/Zhuangl.ab/storm-
control) was used for intensity modulation, programmable
shutter sequence input, camera settings, and image acquisi-
tion.

For imaging, a 10-frame shutter sequence at 20 Hz was
employed to obtain conventional fluorescence, bright-field
LED, and single molecule localization images. The first
frame was the conventional GFP image obtained by excit-
ing the sample with a 488 nm laser at 1.75 mW (power den-
sity ~100 W/cm?). During the second frame a bright field
LED image was recorded to observe cell morphology and
health while a variable 405 nm intensity between 1-251 W
(power density of ~ 0.06-15 W /cm?) was applied to the cell
to photoactivate the HaloTag bound PA-JF646 dye. Dur-
ing the following 8 PALM imaging frames, single molecule
signals were recorded by exciting cells using a 640 nm laser
at 17.5 mW (~1 kW/cm?). This shutter sequence was re-
peated for 15,000-30,000 frames and stopped when an aber-
rant cell morphology indicated declining cell health. Cells
never changed their morphology for 15,000 frames and no
more than 10,000 frames were used for the analysis to ex-
clude potential phototoxic effects prior to changes in cell
morphology. A bead calibration was employed to accurately
map single molecule localizations identified in the 640 nm
channel to the 488 nm channel to account for spherical aber-
rations created by the emission path (50,51).

For mEos2-NLS experiments, a similar imaging protocol
was employed except a 561 nm laser was used for excitation
instead of a 640 nm laser. In the emission path, fluorescence
emission between the red and green channels were separated
by a dichroic longpass beamsplitter (T5621pxr BS; Chroma)
along with bandpass filters: ET525/50 (Chroma) for the
green channel and ET595/50 (Chroma) for the red chan-
nel. Representative raw data of all experiments can be seen
in supplemental videos 1-6)

Single molecule localization, single molecule tracking, mean
squared displacement and diffusion coefficient estimation

The Insight3 software from Xiaowei Zhuang’s group was
used to identify single molecule localizations and to fit them
with 2D Gaussians with the following parameters: 7 x 7
pixel ROI, widths between 250-700 nm, and minimum 100
photons. The x- and y coordinates of the localizations,
along with the intensity, width, background, frame number
and other parameters were obtained for each identified sin-
gle molecule. For the 60 Hz MCP-HaloTag experiments and
20 Hz mEos2-NLS experiments, localizations were identi-
fied with intensity values above 30 and 50 photons respec-
tively with all other parameters staying similar to the pa-
rameters above. For each imaging condition, a minimum of
3 different cells taken at different days was used for analysis.
Localizations were obtained as a text file from the Insight3
software and all other analysis codes were written in MAT-
LAB 2018b.

Localizations that were within 0.48 pm of each other in
consecutive frames were linked together to a trace. A low
number of molecules was activated in each frame to pre-
vent false linking (Supplementary Figure S1A, S1B). Traces
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with a minimum of 4 localizations in consecutive frames
were used for cross-correlation and single trace fitting anal-
ysis. No dark frame was allowed between localizations. Dis-
placements for each time interval in a single trace were aver-
aged to obtain a time averaged mean squared displacement
(TAMSD) vs time plot. Each TAMSD vs time step plot
was fitted to the 2D diffusion equation <r>> = 4DAt+ 202,
where D is the diffusion coefficient, At is the time step, 12 is
the TAMSD, and o is the localization precision.

The diffusion coefficient distributions of MCP-HaloTag
with and without telomere gRNA (Supplementary Figure
S2A) taken at 20 Hz were statistically similar to diffusion
coefficient distributions of MCP-HaloTag with and with-
out telomere gRNA taken at 60 Hz (Supplementary Fig-
ure S2B). The statistical similarity of the distributions was
quantitatively assessed using the Kologmorov-Smirnov Test
(KS test) (P = 0.72 no gRNA, P = 0.65 telomere gRNA).
However, the diffusion coefficient distributions were shifted
towards lower values in the data taken at 20 Hz com-
pared to 60 Hz. Similar findings were also observed when
comparing diffusion coefficient distributions of dCas9 with
and without globally repetitive target gRNAs and telom-
ere binding proteins taken at faster frame rates (50-500 Hz)
(27,32,33,42,52). This indicates that diffusion coefficients
of MCP-HaloTag taken at 20 Hz frame rates can iden-
tify molecules in their different mobility states but misses
fast diffusing unbound molecules that are unwanted. While
faster PALM imaging speeds would in principle reduce
motion-blurring, there are some practical limitations. One
the one hand, higher frame rates and higher excitation
power would reduce the length of single molecule traces and
thus lower the precision for characterizing their motion. In
the theoretical extreme case where a fluorophore bleaches
within one frame, single molecule tracking would not be
possible. On the other hand, most PALM compatible fluo-
rophores can reversibly transition to dark states that are un-
affected by the excitation power. To avoid spatio-temporal
overlap of multiple fluorophores, the 405 nm photoactiva-
tion rate is limited, which in turn limits possible imaging
speeds. The used 20 Hz frame rate has therefore been in
our experience a good compromise between imaging speed,
good localization precision in each frame and obtained sin-
gle molecule trace lengths (Supplementary Figure S3A and
B.). Localization precision was calculated using the Thomp-
son resolution formula (53).

GFP cluster identification, tracking and diffusion coefficient
estimation

Telomere GFP clusters were also identified using Insight3
software. GFP localizations were obtained by fitting GFP
clusters with 2D Gaussians and the following parameters:
11 x 11 pixel ROI, widths between 250-7000 nm and a min-
imum of 200 photons. The mean GFP localization width of
telomeres across all analyzed cells was 376 +/— 221 nm and
the maximum GFP localization width was 4181 nm. X- and
y- coordinates of the GFP localization, along with the inten-
sity, width, background, frame number and other parame-
ters were again obtained for each identified localization.
For telomere cluster tracking experiments, GFP localiza-
tions that were within 0.68 pm of each other in consecutive
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conventional imaging frames (every 10 frames) were linked
together to form a trace. Traces with a minimum of 5 lo-
calizations were used for downstream analysis. The widths
of consecutive localizations in a trace had to be within 200
nm of each other in order for the trace to be included in
downstream analysis. An axial bead calibration showed that
PSFs width deviations of 200 nm corresponded to axial de-
viations of 450 nm which is similar to the lateral trace link-
ing threshold (54). A linear interpolation between the x- and
y- coordinates of GFP localizations in consecutive conven-
tional image frames (frame 1 and frame 10) was employed to
obtain GFP coordinates during the frames that contained
single molecule localizations. In order to estimate interpola-
tion errors, GFP telomere clusters were conventionally im-
aged for 200 seconds at 20 Hz. The telomere positions be-
tween frame 1 and frame 10 were again interpolated and
compared to the actual position of the telomere in frames
2-9. The median interpolation error is 45 +/— 10 nm and
the mean interpolation error is constant up to 20 frames
(Supplementary Figure S4A and S4B).

Mean squared displacements and diffusion coefficients
were calculated using the same procedure described in the
single molecule identification and tracking section.

Spatio-temporal cross-correlation between single molecule
localizations and GFP cluster coordinates and Motion Cor-
rection PALM

In order to superimpose the single molecule and GFP lo-
calizations for cross correlation analysis, single molecule
coordinates were transformed from the 640 nm (top) to
the 488 nm (bottom) camera channel. A bead calibration
was performed to account for spherical aberrations between
the top and bottom camera channel. Multi-wavelength ex-
citable beads (TetraSpeck microspheres, Invitrogen T7279)
were placed on a slide and excited at both 488 nm and 640
nm wavelengths. The positions of the beads in both the top
and bottom channel were fitted to a 3™ order polynomial
function to extract the coordinate transformation matrix
between the two channels (50,51). Coordinates from at least
N = 5images each with at least 10 sparsely distributed beads
over the entire field of view were used to construct the trans-
formation matrix. The bead calibration measurements were
performed every day before imaging and achieved a 15 nm
precise registration (50,51).

Once single molecule coordinates were transformed, a
distance matrix between the interpolated GFP localizations
and all single molecule localizations in one frame were cal-
culated. The radius of the last GFP localization prior to in-
terpolation was used as the radius of the interpolated GFP
cluster coordinates. Single molecule localizations whose dis-
tance to a GFP cluster was smaller than the radius of the
cluster plus the localization precision of the cluster and the
single molecule localizations were identified as co-localized
with telomeres and isolated for further downstream analy-
sis.

Only single molecule localizations that were part of tra-
jectories with at least 4 localizations in consecutive frames
were used for further analysis. Single molecule traces where
all localizations resided inside a cluster were identified as
bound traces. Single molecule traces where some but not
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all localizations resided inside a cluster were identified as
partially bound traces. Single molecule traces where none
of the localizations resided inside a cluster were identified
as unbound traces. To correct for motion of telomeres in
PALM images, the coordinates of GFP localizations were
subtracted from coordinates of the single molecule local-
ization. Once all the single molecule localizations were mo-
tion corrected, a convex hull was applied to the motion cor-
rected localizations in a cluster to find the cluster boundary.
This boundary was used to calculate the area. The exten-
sion of a cluster was determined to be the furthest distance
between two motion corrected localizations that resided
within one telomere. Due to the constant photoactivation
rate, the number of localizations in each cluster was nor-
malized by duration of that cluster in the field of view (Sup-
plementary Figure S5A, S5B). The normalized number of
localizations was used to calculate the localization density.

Mobility state clustering

The single molecule analysis using unsupervised Gibbs sam-
pling (SMAUG, written by the Julie Biteen group) was
employed to cluster single molecule trace steps into dis-
tinct mobility states (55). For each trace category, all traces,
bound traces, partially bound traces, and unbound traces
were inputted into the program for mobility state analysis.
Each condition was analyzed through SMAUG for 50000
and 100000 iterations 3 separate times to ensure that the
algorithm converged to the same number of states and sim-
ilar weight fractions (Supplementary Figure S6). The spot-
on analysis was used to fit displacement distributions and
to estimate diffusion coefficient values of identified mobil-
ity state populations. Spot-on accurately estimates the dif-
fusion coefficient of traces that exhibit Brownian or sub-
diffusive motion. The number of states (two) used for spot
on analysis was chosen from the analysis of mobility state
convergence plots from SMAUG (Supplementary Figure
S6). To compare the diffusion coefficients from the spot-on
analysis to the ones obtained by linear MSD fitting of sin-
gle molecule traces, a Gaussian mixture model was fitted to
the log diffusion coefficient distributions obtained from lin-
ear MSD fitting (Supplementary Figure S7, see also Figure
3A). The Bayesian information criterion was used to assess
goodness of fit.

RESULTS AND DISCUSSION

Motion of telomeres prevents high-resolution PALM mea-
surements in living cells

In order to demonstrate the challenges of conventional
PALM imaging to assign localizations to a locus and to
extract structural information in living cells, we targeted
the highly repetitive telomere sequence that has been pre-
viously characterized with conventional fluorescence and
PALM imaging (13-15,29,31). We transiently expressed a
GFP-tagged dCas9 for conventional fluorescence imaging
in addition to the MCP-HaloTag protein, which was con-
jugated to the PALM compatible PA-JF646 dye, binds to
the gRNA MS?2 sites, and forms a complex with dCas9-
GFP (Figure 1A). In the absence of gRNA, both the con-
ventional fluorescence signal of dCas9-GFP and the single
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molecule localization from MCP-HaloTag were distributed
throughout the nucleus (Figure 1B). This result is expected
since both fluorescent reporters cannot bind to the telom-
ere regions in the absence of gRNA. Importantly, the sin-
gle molecule localizations exhibited some degree of cluster-
ing, which highlights the difficulty to identify which local-
izations are bound to a locus just based on their density.
When the gRNA was expressed, the conventional fluores-
cence signal showed pronounced puncta indicating dense
binding of dCas9-GFP to telomeres as in previous stud-
ies (13,15,16,31). The single molecule localizations in the
PALM images also formed dense regions that partially over-
lapped with the conventional fluorescence puncta. How-
ever, the single molecule localizations were smeared out to
various lengths along the movement of the telomeres during
the long PALM data acquisition time. This result demon-
strates that high-resolution structural information cannot
be obtained via PALM imaging in live cells and that the mo-
tion of loci needs to be corrected.

With the same PALM data, we performed single molecule
tracking of MCP-HaloTag by linking localizations that ap-
peared within a distance threshold in consecutive frames
(see Materials and Methods). From the resulting single
molecule traces, the time-averaged mean squared displace-
ments (MSDs) were calculated to obtain a first-order es-
timation of diffusion coefficients though linear MSD fit-
ting (see also Materials and Methods). Telomeres, as part
of the chromosome polymer, are generally expected to ex-
hibit non-Brownian anomalous sub-diffusion with anoma-
lous exponents alpha < 1 (56,57). However, due to the dif-
ficulties of fitting the anomalous exponent from short and
noisy trajectories (58), we assume Brownian motion in our
trajectory analysis for simplicity in this paper as in many
other studies (27,31,33,42,52,59-61) and note that this as-
sumption may affect downstream analyses. Thus, while the
obtained absolute values of diffusion coefficients are not ac-
curate since they depend on the frame rate (e.g. comparison
between 20Hz and 60 Hz in Supplementary Figure S2A and
S2B) and the used analysis model, they provides a good ap-
proximation to discriminate fast from slow or sub-divisively
moving molecules and to make relative comparisons.

In the presence of gRNA, the distribution of MCP-
HaloTag proteins exhibited a pronounced peak at large dif-
fusion coefficients around 0.21 +/— 0.01 wm?/s, indicating
fast diffusion of searching or unbound probes. In addition,
the diffusion coefficient distribution contained a peak at
small diffusion coefficients around 0.01 +/— 0.003 wm?/s,
which could be interpreted as the mobility of bound probes
(Figure 1C). The distribution of diffusion coefficients in the
absence of gRNA also showed a peak at large diffusion co-
efficients (0.28 +/— 0.03 wm?/s) but in addition contained
a significant fraction of small diffusion coefficients. Impor-
tantly, these small diffusion coefficients overlapped with the
slow fraction of bound MCP proteins in the presence of
gRNA. The overall overlap between both distributions of
71.5% demonstrates that single molecule traces from the
dCas9/MCP complex cannot be classified as bound just by
their diffusion coefficient. This issue is further compounded
by the increased uncertainty of diffusion coefficients ob-
tained by fitting short traces due to increased effect of the lo-
calization error. To validate linear MSD fitting for estimat-
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Figure 1. Motion of telomeres prevents high-resolution PALM measurements in living cells. (A) Fluorescent labeling strategy of repetitive telomere se-
quences involving GFP-tagged dCas9 for conventional fluorescence imaging and MCP-HaloTag proteins that bind to the two MS2 sites of the guide RNA
and form a complex with dCas9 for PALM imaging (lower). (B) Upper: In the absence of gRNA the conventional fluorescence signal of dCas9-GFP
(green) as well as the PALM localizations of MCP-HaloTag (red/white) are distributed throughout the nucleus of a cell. Lower: In the presence of gRNA
dCas9-GFP and MCP-HaloTag bind to and form a complex at the telomere sites as evident by the presence of bright puncta in the GFP and PALM
images. The magnified superposition shows clear telomere cluster in the GFP image while the PALM localizations are smeared out at various degrees
along the paths of the telomeres during the long PALM data acquisition time. Since the conventional GFP images are averaged over 50 frames and since
the displayed localizations are from 10000 frames, only partial co-localization is visible (scale bar: 5 um; scale bar zoom: 800 nm; arrow indicates motion
of telomere). (C) The diffusion coefficient distribution from single MCP-HaloTag proteins significantly overlaps in cells with and without telomere gRNA
(7281 traces with telomere gRNA and n = 5749 traces without gRNA from N = 5 cells). (D) The mean squared displacement of telomere GFP traces
exhibits a wide variability with some immobile telomeres and others that are actively transported (n = 81 traces from N = 5 cells). (E) The diffusion
coefficient distributions of GFP telomere traces and single MCP-HaloTag traces show some degree of overlap (N = 5 cells).

ing diffusion coefficients, we analyzed the single molecule
traces with the spot-on analysis (62), which can accurately
characterize the mobility of single molecule trajectories that
exhibit Brownian or sub-diffusive motion. Spot-on iden-
tified two mobility populations with two diffusion coeffi-
cients that closely resembled and thus validated the two
peaks of the diffusion coefficient distribution obtained by
linear MSD fitting (Supplementary Figure S7). It is impor-
tant to note that the diffusion coefficient distribution of
mEos2 with a nuclear retention signal showed the same slow
diffusing fraction as MCP in the absence of gRNA.. (Supple-
mentary Figure S2C). The Kolmogorov Smirnov test per-
formed at a 0.05 significance level showed that the diffu-
sion coefficient distributions are not statistically different
(P =0.79). Therefore, the slow fraction of MCP proteins in
the absence of gRNA is not caused by non-specific protein-

RNA interactions but is likely due to the inhomogeneous
and highly crowed environment of the nucleus that can have
a wide range of apparent viscosities (27,31-33,63,64).

In order to quantify the mobility of telomeres and to de-
termine the extent of motion blurring in PALM images,
we tracked the conventional fluorescence signal that was
recorded every 10th frame of the PALM imaging sequence.
The resulting mean squared displacement vs. time traces ex-
hibited a very wide range of slopes. Some telomeres were
almost immobile, while others were actively transported
over a distance of up to 10 wm (Figure 1D). This hetero-
geneity of telomere mobilities highlights the need to correct
PALM localizations of each individual telomere for mo-
tion in order to obtain time-averaged structural informa-
tion. To obtain a first order approximation of the telom-
ere motion that can be compared to the one from single
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molecule traces, we again performed linecar MSD fitting
as previous studies (31,33,42,59-61). While the obtained
absolute values of diffusion coefficients are not accurate
due to the different types of motion, they do allow a rel-
ative discrimination of fast and slowly moving telomeres.
The peaks of the two distributions identified by a Gaus-
sian mixture model were again close to the values identified
by spot-on analysis, which estimates the mobility of traces
exhibiting Brownian or sub-diffusive motion (Supplemen-
tary Figure S7). Furthermore, the diffusion coefficient dis-
tribution of telomere traces exhibited partial overlap with
the bound fraction of single MCP traces (Figure 1E). How-
ever, single molecule traces were generally faster, which can
be caused by a relative motion with respect to the center of
mass of telomeres and the additional underlying motion of
the telomeres themselves. The heterogeneity of the diffusion
coefficients of individual telomeres therefore causes errors
in quantifying the mobility of bound MCP molecules and
in identifying bound MCP molecules based on a mobility
threshold.

In summary, the chromatin mobility and the overlap-
ping diffusion coefficient distributions of bound and un-
bound dCas9/MCP complexes result in errors for identify-
ing bound single molecules based on their mobility and for
quantifying their mobility. Furthermore, the wide range of
telomere mobilities results in significant spreading of their
bound single molecule localizations, preventing the extrac-
tion of structural parameters. These results demonstrate
the need to employ a correlative conventional fluorescence
and PALM imaging approach to dynamically identify these
bound molecules throughout the long PALM data acquisi-
tion time and to correct for motion.

Correlative conventional fluorescence and PALM imaging
identifies bound molecules and corrects for chromatin motion

In order to correct for telomere motion during the long
PALM data acquisition time and to reliably identify bound
single molecules, we developed a correlative conventional
and PALM imaging approach. In this approach telomeres
are labeled with a conventional fluorophore such as GFP
to continuously track their trajectory throughout the entire
data acquisition time. In addition, telomeres are labelled
with a spectrally distinct PALM dye (PA-JF646 bound to
MCP HaloTag) to localize sparse single molecule signals,
which get smeared out along the trajectory of a telomere.
By subtracting the trajectory of the telomere from the sin-
gle molecule coordinates, the motion can be corrected, and
super-resolution images can be recovered and further quan-
tified (Schematics in Figure 2A).

To minimize bleaching of dCas9-GFP, we employed a
repetitive 10 frame shutter sequence, in which GFP is ex-
cited in one frame followed by photoactivation in the next
frame and 646 nm excitation in the remaining 8 frames. As
seen in Figure 2B, telomeres were detected and localized
as continuously fluorescing puncta during the GFP excita-
tion frames, whereas sparse and bright single molecule fluo-
rescence bursts were detected during the remaining PALM
frames. These bursts were then localized by gaussian fit-
ting as in conventional PALM data analysis and rendered as
gaussians with a width equal to the localization precision.
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The resulting PALM images exhibited single molecule local-
izations throughout the nucleus with some clustered regions
and dense tracks along the motion of telomeres (Figure 2C,
left). However, the effect of motion blurring and the back-
ground localizations of unbound molecules prevented the
extraction of structural parameters and the reliable iden-
tification of molecules bound to telomeres. To assign sin-
gle molecule localizations to a telomere, the GFP localiza-
tions were linked to trajectories of individual telomeres and
linearly interpolated during the PALM frames (see Materi-
als and Methods). While the localization precision of sin-
gle molecules was estimated with two different metrics to
be about 20 nm (Supplementary Figure S3), it is important
to note that the estimated interpolation error of the GFP
signal with a median of 45 +/— 10 nm over 10 frames (Sup-
plementary Figure S4) dominates the uncertainty in resolu-
tion or structural quantification. Single molecule localiza-
tions were then assigned to the nearest telomere GFP local-
ization if they were separated by less than the radius of the
GFP cluster. In addition, the single molecule localizations
were linked to traces to further exclude MCP molecules
in their freely diffusing or search state on the DNA. If a
molecule entered a telomere but remained bound for at least
four frames, it was included. If a molecule entered and ex-
ited a telomere, it was excluded and interpreted as a search-
ing or freely diffusing molecule (see Materials and Meth-
ods). This assignment of traces is based on previous studies
showing that the residence time of bound dCas9, the stabil-
ity of gRNA and the residence time of MCP bound to the
gRNA is on the order of minutes to hours (21,27,32,65,66).
It is therefore very unlikely to observe binding- and un-
binding events during a short single molecule trajectory. On
the other hand, the dCas9 residence time during scanning
has been measured to be 20-30 milliseconds in prokaryotic
genomes and between 20-100 ms in eukaryotic genomes
(28,30,32). Based on these experimentally determined up-
per and lower time limits and the uncertainty for calculating
the mobility for shorter traces, a 4 frame cutoff was chosen
as a compromise to accurately determine the mobility state
of a protein and to not falsely assign a scanning protein to
be bound to the locus.

In the resulting PALM image depicting only localizations
that were bound to a telomere, most background localiza-
tions are suppressed, and motion-blurred telomeres become
clearly visible (Figure 2C, middle). After subtracting the
GFP-trajectories of individual telomeres from their single
molecule localizations, motion blurring is corrected, and
a time-averaged super-resolution image of each telomere
is obtained (Figure 2C, right). Importantly, motion is cor-
rected with respect to the center of mass of each telomere
at each point in time since all fluorophores of a telomere
are excited simultaneously in the conventional fluorescence
image. Therefore, motion correction accounts for potential
nanoscale re-arrangements that are quantified in a later sec-
tion. In contrast, averaging the single-molecule frames even
up to 100 frames is not sufficient to accurately determine
the center of mass of telomeres due to the sparse photoac-
tivation and would in addition result in lower temporal and
spatial resolution (Supplementary Figure S8). The individ-
ual examples shown in Figure 2D and Figure 2E highlight
how this method can correct for the significant motion of
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Figure 2. Correlative conventional fluorescence and PALM imaging identifies bound molecules and super-resolves moving telomeres. (A) Schematics of
motion correction via correlative conventional and PALM imaging. Left: Single molecule localizations are smeared out along the trajectory of a locus, which
is simultaneously tracked in the GFP channel. By subtracting the trajectory from PALM localizations the moving locus can be super-resolved but is averaged
over time and potentially over radial movements. Right: In addition, correlative imaging can better assign bound localizations at any instance in time by the
proximity to the conventional GFP signal and reduces background from searching and freely diffusing probes. (B) In a correlative conventional and PALM
imaging sequence, GFP is excited and imaged in one frame followed by one frame of 405 nm photoactivation and brighfield imaging (not shown) and 8
frames of PALM imaging, in which bright single molecule fluorescent signals become visible. Scale bar represents 5 wm. (C) Left: Superposition of a GFP
image and conventional PALM image that includes a majority of freely diffusing and searching fluorescent probes. Middle: The correlative conventional
and PALM image only depicts PALM localizations that appear in proximity to a GFP cluster at any instance in time and suppresses background from
freely diffusing and searching probes. Right: The motion-corrected PALM image super-resolves each moving telomere, which co-localizes with its GFP
signal. More telomeres are visible in the GFP channel since they are detected over a wider z-range compared to PALM. Scale bar represents 5 pm (D)
Magnifications of correlative PALM and motion-corrected PALM images show localizations of telomeres smeared out to various degrees (left) and super-
resolved telomeres (right). Localizations are temporally color-coded by their appearance in a 2000 frame interval. Telomere trajectory is represented by
the green line. Scale bars: 1 pm. (E) Individual examples of motion-corrected telomeres show broad variability in size, asymmetry and density. Scale bars:
1 pm. (F) Quantification of structural telomere parameters such as their radius of gyration (left), minor vs. major axis by elliptical fitting (middle) and
area (right). (G) The localization density of individual telomeres shows a negative correlation with the radius of gyration (correlation coefficient —0.7, left)
and the maximum extension of telomeres (correlation coefficient = - 0.8). The color of each telomere indicates no clear dependence on the GFP diffusion
coefficient. The localization density of telomeres shows a slight correlation (correlation coefficient = 0.4, right) with their diffusion coefficient. The color
represents the temporal trace length of the GFP telomere signal and indicates that slower telomeres can be imaged for a longer time. All data taken is from
n = 81 clusters across N = 5 cells.
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a telomere and recovers the time-averaged super-resolved
structure of a locus.

The motion-corrected super resolution image of each
telomere provides quantitative structural information such
as the degree of chromatin compaction and condensation.
For instance, the radius of gyration, area, and minor vs. ma-
jor axis quantify the size of each motion-corrected telom-
ere and its asymmetry averaged over the time of data ac-
quisition and potentially averaged over rotational degrees
of motion (Figure 2F). The time-averaged size measure-
ments of telomeres obtained with our method are consis-
tent with previous measurements in chemically fixed cells
(13,29,31,67-69). However, it is important to note that dif-
ferences in telomere size can be due to differences in telom-
ere lengths in different cell types, cell states, different chro-
matin states, or expansion or compaction of loci during live
cell imaging (13,31,67-70). This information can then be re-
lated to other quantities such as the number of localizations
bound to a locus to obtain insights into the density of bound
probes (Figure 2G). Importantly, since the photoactivation
rate for MCP-HaloTag localizations was held constant dur-
ing imaging, the number of localizations has been normal-
ized by the observation time of telomeres (Supplementary
Figure SSA and B). Localization densities of telomere clus-
ters of varying temporal trace lengths can therefore still be
compared without bias. However, telomeres with a large dif-
fusion coefficient were observed a shorter time than slow
telomeres since faster telomeres are more likely to move out
of focus during the data acquisition time (Figure 2G). We
observed an overall trend that smaller, less extended telom-
eres had a higher localization density whereas larger and
more extended telomeres exhibited a lower localization den-
sity (Figure 2G left: correlation coefficient = —0.7; mid-
dle: correlation coefficient = —0.8). Since the maximum ex-
tension of telomeres depends to some degree on their area
this observation can be explained by less extended telom-
eres being more compact and exhibiting a higher density of
bound fluorophores and by more extended telomeres having
alower fluorophore density (Supplementary Figure S5C). It
is also important to note that the measured telomere area is
potentially radially averaged. However, since telomeres with
a certain maximum extension can deviate in their area by up
to an order of magnitude (Supplementary Figure S5C), and
since aspect ratios of over 5 are observed (Figure 2F) some
asymmetry is still conserved.

While localization density measurements of chromatin
have been performed in fixed cells in the past and used
as a measure of chromatin condensation (29,31,60,67), the
power of motion-correction PALM is to perform such mea-
surements in living cells and to simultaneously obtain dy-
namic information about the motion of individual telom-
eres and of individual bound fluorescent probes. We there-
fore related the localization density of each telomere to their
mobility determined from their GFP signal. The mobility
of telomeres did not show a tight correlation with their lo-
calization density (correlation coefficient = 0.39), however,
slowly moving telomeres generally had a lower localization
density while faster telomeres had a higher localization den-
sity (Figure 2G, right). This observation can be explained
by the ability of dense telomeres that are generally also less
extended to move more freely while less dense and larger
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telomeres might be more restricted in their overall move-
ment. This is consistent with previous studies comparing in-
direct telomere size measurements and mobility (13). Varia-
tions in telomere mobility across similar sizes and densities
could be explained by local changes in the chromatin envi-
ronment (13).

These results demonstrate that motion-correction PALM
is able to provide quantitative time-averaged structural in-
sights into the compaction and condensation of chromatin
and to relate this structural information to the dynamics of
chromatin in living cells.

Reliable identification of single molecule traces that are
bound to moving loci

Correlative conventional and PALM imaging not only
yields time-averaged structural information of chromatin as
shown above, but can also be applied to study how single
dCas9/MCP complexes bound to DNA move relative to
the larger chromatin domain they reside in. Recent stud-
ies highlight the importance of characterizing the degree of
correlation between small- and large scale chromatin mo-
tion and its relation to gene regulation and phase separation
(6-10). A prerequisite for measuring relative DNA mobil-
ity is the ability to reliably identify dCas9/MCP complexes
that are bound to a locus and to separate them from search-
ing and freely diffusing ones. Since the diffusion coefficient
distributions of these mobility states overlap (Figure 1C),
it is not possible to identify bound dCas9/MCP complexes
just based on their mobility. Here, we demonstrate that cor-
relative conventional and PALM imaging reliably identifies
traces of single dCas9/MCP complexes bound to chromatin
to better characterize their mobility without imposing any
threshold on diffusion coefficients.

Using correlative conventional and PALM imaging,
dCas9/MCP traces were classified as bound, unbound and
partially bound based on their proximity to a conventional
fluorescence signal from a telomere at each point in time
as described in the previous section (see also Materials and
Methods). The diffusion coefficient distribution of bound
trace were unimodal with one peak at 0.008 +/— 0.002
pwm?/s while the unbound and partially bound traces ex-
hibited two peaks (unbound: 0.008 +/— 0.002 pm?/s and
0.210 +/— 0.005 wm?/s; partially bound: 0.01 +/— 0.005
pm?/s and 0.11 +/— 0.007 wm?/s) as determined with a
two state Gaussian fit (Figure 3A). The diffusion coeffi-
cient distribution of unbound traces had significant over-
lap with the one of bound traces, highlighting the inabil-
ity to classify bound dCas9/MCP complexes just based on
their mobility. For instance, the normalized probability den-
sity distribution of bound and unbound traces had a 62%
overlap (Supplementary Figure S9A and S9B). Correlative
conventional and PALM, however, can reliably separate
slowly moving unbound traces from bound dCas9/MCP
complexes. These results demonstrate that an accurate clas-
sification of dCas9/MCP complexes can be used to study
their dynamics while freely diffusing, searching on DNA,
and while being bound to a target locus.

The advantages of accurately classifying bound traces
also manifest themselves when comparing the motion of in-
dividual dCas9/MCP complexes to the motion of the entire
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Figure 3. Accurate identification of bound dCas9 molecules reveals their telomere-specific relative mobilities. (A) Upper: Diffusion coefficient histograms
of all dCas9-MCP complexes and of molecules identified with correlative conventional and PALM imaging to be bound (n = 1490 traces), unbound (n
= 5077 traces) and partially bound (n = 714 traces) to telomeres. Lower: Cumulative diffusion coefficient histograms of the same classes of molecules.
There is significant overlap of all distributions. (B) Upper: Diffusion coefficient histogram of telomeres (GFP) and dCas9-MCP complexes identified to be
bound. There is significant overlap, but generally single molecules move faster than the telomeres they reside in. Lower: Cumulative diffusion coefficient
histogram of the same classes. (C) The ratio of average dCas9-MCP diffusion coefficients and the telomere they reside in shows a negative correlation
(correlation coefficient = - 0.52) with the normalized localization density of the telomeres. (D) The ratio of average dCas9-MCP diffusion coefficients show
a positive correlation (correlation coefficient = 0.48) with the area of the telomeres they reside in. All data was collected from N = 5 cells and there were
no statistically significant differences in the group comparisons between cells (multi-way ANOVA P = 0.35).

telomere they reside in. The diffusion coefficient distribu-
tions of all dCas9/MCP traces only exhibit a partial 68.5%
overlap with the ones of the telomere cluster traces (Figure
1E). However, the traces classified with correlative imaging
to be bound show a larger overlap of 75% and some de-
gree of correlated motion (Figure 3C). Both diffusion co-
efficient distributions resemble a Gaussian distribution on
a log scale and indicate sub-diffusive mobility, which is a
hallmark of chromatin mobility. While bound dCas9/MCP
traces and entire telomeres exhibit sub-diffusive mobility,
the median of the diffusion coefficient distribution of the
bound traces (0.007 +/— 0.003 wm?/s) is larger than the one
of telomere cluster traces (0.002 +/— 0.0005 wm?/s). We
hypothesize that this difference is because DNA at the nu-

cleosomal level tends to move faster than its larger domain
counterpart. In contrast, the skewness in the diffusion co-
efficient distribution of partially bound traces compared to
bound dCas9/MCP and telomere traces indicates that the
mobility of these molecules is not sub-diffusive. Therefore,
partially bound molecules are not likely bound to DNA but
likely diffusing through a telomere cluster or searching for
a binding site. This interpretation is further supported by
previously reported residence times of dCas9 on DNA on
the order of minutes to hours, which is much longer than
the bleaching time of fluorescent probes used for localiza-
tion microscopy (27). In addition, nucleosomes have been
shown to kick off scanning dCas9 molecules and shorten
search state residence times to milliseconds in eukaryotic
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cells (27). Because of these two facts, it is very unlikely to
observe a dCas9/MCP complex bind to and leave its target
site during the length of a single molecule trace.

We next evaluated how fast on average single
dCas9/MCP complexes move relative to the larger
telomere domain they reside in. The average diffusion
coefficient of all bound traces in a telomere cluster was first
calculated by fitting the averaged MSDs to the 2D diffusion
equation and then divided by the diffusion coefficient
of the telomere. In almost all cases, single dCas9/MCP
complexes moved faster than their larger telomere domain
they resided in (Figure 3C and D). In a few cases the
single molecule traces were coincidentally obtained during
sections where the mobility of the cluster was faster than
the average mobility of the telomere cluster. Telomeres
with a low localization density exhibited the fastest rel-
ative mobility of single dCas9/MCP complexes and the
largest variance in their relative mobilities. dCas9/MCP
complexes in dense telomeres had a low or no relative
mobility and a narrower range of diffusion coefficient
ratios (Figure 3C and Supplementary Figure S9E). These
results indicate that less dense telomeres undergo a high
degree of dynamic chromatin rearrangement while dense
telomeres exhibit a more static chromatin state potentially
due to tighter interactions. When comparing the relative
diffusion coefficient with the area of telomeres, a slight
correlation is observed. Smaller clusters that are potentially
denser showed the lowest relative mobility and variance
in diffusion coefficients of single molecules whereas larger
clusters showed the highest relative mobilities and variance
in diffusion coefficients (Figure 3D and Supplementary
Figure S9F). This result is consistent with the previous
finding that denser telomeres are smaller (Figure 2E and
Supplementary Figure S5C) and again indicates that
larger, less compacted telomeres undergo more chromatin
remodeling compared to small telomeres.

In summary, these results demonstrate that correlative
conventional and PALM imaging can reveal how chromatin
compaction and condensation affects the motion of small
nuclear rearrangements within a larger chromatin domain.
Overall, this data shows that dCas9/MCP complexes move
significantly faster than the larger telomere domains they re-
side in. We show that more compact clusters with a higher
localization density, exhibit a higher degree in correlation in
single molecule mobility and less variance compared to less
dense clusters. These findings are consistent with single nu-
cleosome tracking measurements showing that more com-
pact chromatin domains move coherently (71-73). Our find-
ings also match existing nucleosome tracking data that iden-
tified chromatin density as an important regulator of instan-
taneous chromatin dynamics (6). Since the relative mobility
of chromatin is a hallmark of protein DNA phase conden-
sation and gene regulation, our approach may aide in char-
acterizing the formation of nuclear phase condensates in fu-
ture experiments with appropriate controls (6-10,12).

Mobility state analysis reveals hidden state in bound traces

A general limitation to obtain accurate diffusion coeffi-
cients from short single molecule traces is the increased
effect of the localization uncertainty (74,75). Only an ap-
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parent diffusion coefficient can be obtained and used as a
relative mobility comparison to other traces. To obtain a
more accurate diffusion coefficient estimate of an entire mo-
bility population, traces or individual step-sizes are there-
fore often clustered into specific mobility populations and
the average diffusion coefficient of the population is calcu-
lated (55,62). To demonstrate that correlative conventional
and PALM imaging can reveal mobility states that are hid-
den when all traces of conventional PALM data are ana-
lyzed, we utilized the Bayesian cluster analysis SMAUG to
determine mobility states of dCas9/MCP complexes (55).
We used this method over Gaussian mixture models, hid-
den Markov models, and other vibrational Bayesian clus-
tering techniques due to the ability of the SMAUG algo-
rithm to analyze short traces without the requirement of a
predetermined number of mobility states for fitting single
molecule data (55). However, a disadvantage is that a Brow-
nian model is used to approximate the motion of traces that
may be non-Brownian.

First, we analyzed the mobility states of all dCas9/MCP
single molecule traces with SMAUG. The result in Fig-
ure 4A (upper left) shows the weight fraction of the mo-
bility state classification and the apparent diffusion coeffi-
cient of each mobility state from the last 20,000 iterations
of the SMAUG algorithm (see also Supplementary Figure
S6). SMAUG identified a bound and faster unbound state
with clear convergence. However, it is important to note
that the absolute values of diffusion coefficients obtained by
SMAUG do not match the ones obtained by mean squared
displacement fitting due to its algorithm that takes into ac-
count localization uncertainties and only analyzes displace-
ments of single molecules in consecutive frames. Therefore,
only the relative classification of traces into different mobil-
ity states was used to then calculate the diffusion coefficient
distribution based on MSD fitting (Figure 4A, lower). The
traces classified by SMAUG to contain bound step sizes ex-
hibit a similar distribution as the ones obtained from the
correlative approach with a peak at 0.01 wm? /s (Figure 3A).
Likewise, the traces classified as unbound exhibited a bi-
modal distribution with an additional peak at 0.5 pm?/s.
This result is consistent with the control experiment in Fig-
ure 1C in the absence of gRNA, where a slow diffusing un-
bound population of dCas9/MCP was observed. These two
peaks in the diffusion coefficient distribution are not visi-
ble in the overall assignment of mobility states by SMAUG
(Figure 4A, upper) since its algorithm uses displacements in
consecutive frames and assigns an averaged diffusion coeffi-
cient to the population. Therefore, a trace containing a step
of the unbound population could have other shorter steps
that result in a slow diffusion coefficient from its MSD.

We next applied SMAUG to the three classes of traces
identified with correlative conventional and PALM imaging
(bound, unbound and partially bound) to obtain a more re-
fined characterization of mobility states in each class. When
the algorithm was applied to the traces identified by motion
correction to be bound (Figure 4B), SMAUG identified 2
mobility states. This result could be explained by the het-
erogeneity in telomere mobility itself and is consistent with
other dCas9 and nucleosome imaging data (Figure 1D and
E) (13,15,31,73). In both the unbound and partially bound
trace populations, SMAUG again identified two mobility
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Figure 4. Correlative conventional and PALM imaging combined with SMAUG analysis reveals hidden mobility states. (A) Upper: When all dCas9-
MCP traces are analyzed with SMAUG, a bound and unbound population is identified. Lower: calculating the diffusion coefficient distributions from
the corresponding bound and unbound traces results in similar distributions as observed with correlative conventional and PALM imaging. (B) When
correlative conventional and PALM imaging is performed first to separate bound, unbound and partially bound traces, SMAUG identifies in each class
two mobility states that were not detected when all traces were analyzed. Data collected from N = 5 cells.

states. The fast mobility state identified in the bound pop-
ulation is distinct from the fast and slow mobility states
identified by SMAUG in all traces, unbound, and partially
bound traces. This shows that when paired with motion cor-
rection PALM, SMAUG can identify a fast and slow bound
population that could not be identified otherwise due to the
large overlap in mobilities between slowly moving unbound
traces and the bound traces.

To complement the SMAUG analysis and to demon-
strate the advantage of our correlative imaging approach for
other downstream analysis, we also analyzed the bound, un-
bound and partially bound traces with spot-on (62). While
spot-on can accurately characterize the mobility of single
molecule trajectory populations that exhibit Brownian or
sub-diffusive motion, it does require a user defined num-
ber of mobility states in contrast to SMAUG. Based on the
SMAUG results we therefore imposed two mobility states
for bound, unbound and partially bound traces and ob-
tained diffusion coefficients and weight fraction for each
state. The diffusion coefficient estimates from spot-on for
each mobility state was similar to the peak values of a Gaus-
sian mixture model fitted to the diffusion coefficient dis-
tribution from linear MSD fitting (Supplementary Figure
S10). Likewise, the weights between the slow and fast mo-
bility state identified by spot-on analysis also corresponded
well to the weights of the Gaussian mixture model fitted
to the diffusion coefficient distribution from linear MSD
fitting. These results demonstrate that correlative conven-
tional and PALM imaging when combined with other trace
classification approaches enhances mobility state analysis

by a more accurate identification of the bound population,
which can also lead to a more accurate calculation of kinetic
parameters. The advantages and disadvantages of existing
methods for downstream single molecule mobility analy-
sis highlight the usefulness to discriminate bound from un-
bound single molecules with correlative conventional and
PALM imaging without the need of mobility thresholds. At
the same time, the discrimination of bound and unbound
traces with correlative imaging is advantageous for any ex-
isting downstream mobility analysis method and for any
method developed in the future that may combine the ad-
vantages of existing techniques.

CONCLUSIONS AND FUTURE OUTLOOK

The advent of PALM imaging presented new opportuni-
ties to study the structure and dynamics of chromatin in
a new level of detail. Previous studies and technique de-
velopments yielded important insights into the nanoscopic
chromatin structure in fixed cells and into its dynamics in
living cells. However, available techniques cannot obtain
both, structural and dynamic information in living cells due
to the motion of chromatin during the long PALM data
acquisition times. Here we developed and demonstrated a
correlative conventional fluorescence and PALM imaging
approach that tracks the motion of labelled loci in order
to correct for their motion in the simultaneously acquired
PALM images. We employed dCas9/MCP-based imaging
of telomeres as a model system to demonstrate that motion-
correction PALM allows for measuring both, time averaged
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super-resolved structural parameters as well as dynamics of
chromatin organization such as various transport modes.
This approach also yielded information into how individ-
ual dCas9/MCP complexes bound to DNA move relative to
larger chromatin domains they reside in. Identifying bound
dCas9/MCP probes using the correlative approach avoids
the need of using a fixed mobility threshold and provides
more accurate information about single molecule probes
bound to chromatin. Probes identified as bound and un-
bound can then be further analyzed with downstream mo-
bility analysis methods to obtain more refined results com-
pared to when all single molecule traces are analyzed.

Our study lays the foundation for further refinement and
optimization of the presented correlative conventional flu-
orescence and PALM imaging technique and its applica-
tion to study a myriad of different chromatin loci. For in-
stance, extending this technique to 3D to track loci for
longer periods of time and to extend the lifetime of the
conventional fluorescence signal would extend the imaging
time of loci and result in an improved spatial and temporal
resolution (15,31,60,76,77). In addition, orthogonal RNA
binding proteins and/or CRISPR-Cas proteins could be ap-
plied to enable simultaneous multicolor imaging of different
chromatin regions (14,19-21).

Of particular interest would be correlative conventional
and PALM imaging of non-repetitive and locally repetitive
chromatin loci due to the reliable discrimination of bound
fluorophores from freely diffusing ones. Such experiments
would require a conventional fluorescence signal for a suffi-
cient period of time to accumulate enough single molecule
localizations for the generation a motion corrected image.
Many recently developed CRISPR based DNA labelling
schemes already can track single chromatin loci on the order
of minutes to hours (13-15,19,21,31,39,66,78) which would
make them compatible with our method. These studies use
a variety of labeling techniques to label DNA and typically
require between 40-100 bound conventional fluorophores
to generate a stable conventional image. The number of re-
quired photo-switchable fluorophores would need to be ei-
ther similar to or less than the number of conventional flu-
orophores. From a labeling perspective, it would be easier
to keep the number of fluorophores the same by append-
ing a photo-switchable fluorophore to the conventional flu-
orophore.

Because dCas9 can only bind to accessible chromatin re-
gions, characterizing the number of bound probes at a spe-
cific locus can shed light into the chromatin accessibility
and show how it changes over time or in response to per-
turbations (65,79,80). Correlative conventional and PALM
imaging therefore paves the way to study chromatin struc-
ture and dynamics of locally repetitive or non-repetitive loci
in a new level of detail and to relate the obtained structural
and dynamic parameters in living cells.
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