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Recent advances in fluorescent proteins (FPs) have generated a re-
markable family of optical highlighters with special light responses.
Among them, Dronpa exhibits a unique capability of reversible light-
regulated on-off switching. However, the environmental depen-
dence of this photochromism is largely unexplored. Herein we re-
port that the photoswitching kinetics of the chromophore inside
Dronpa is actually slowed down by increasingmedium viscosity out-
side Dronpa. This finding is a special example of an FP where the
environment can exert a hydrodynamic effect on the internal chro-
mophore. We attribute this effect to protein-flexibility mediated
coupling where the chromophore’s cis-trans isomerization during
photoswitching is accompanied by conformational motion of a part
of the protein β-barrel whose dynamics should be hindered by med-
ium friction. Consistent with this mechanism, the photoswitching
kinetics of Dronpa-3, a structurally more flexible mutant, is found
to exhibit a more pronounced viscosity dependence. Furthermore,
we mapped out spatial distributions of microviscosity in live cells
experienced by a histone protein using the photoswitching kinetics
of Dronpa-3 fusion as a contrast mechanism. This unique reporter
should provide protein-specific information about the crowded
intracellular environments by offering a genetically encoded micro-
viscosity probe, which did not exist with normal FPs before.

protein conformation flexibility ∣ photoisomerization

Green fluorescent protein (GFP), first isolated from the bio-
luminescent Aequorea victoria jellyfish, and its variants are

widely used as genetically encoded reporters in bioimaging appli-
cations (1–4). These fluorescent proteins (FPs) fold into a rigid
11-stranded β-barrel with a coaxial central helix holding an auto-
catalytically derived chromophore and short helical segments
capping both ends of the barrel (5). As a consequence, the GFP
chromophore, Ser65 -Tyr66-Gly67 (SYG), is encapsulated within
the protein matrix and well-shielded from the bulk solvent. Hence,
unlike organic fluorophores whose fluorescence lifetimes are often
sensitive to solvent viscosity, the medium viscosity surrounding the
FPs has no correlative effect on the fluorescence intensity or life-
time of GFP variants (6–8). To our knowledge, there are no pre-
vious reports on GFP-based viscosity sensors.

Recently, several distinct classes of FPs, such as photoactiva-
table, photoconvertible, and photoswitchable FPs, have drawn
considerable interest, owing to their special light responses. The
chromophores of these FPs can either be activated to initiate
fluorescence from a dark state or optically converted from one
color to another (9–12). Both photoactivation and photoconver-
sion processes are irreversible. In contrast, the unique class of
photoswitchable FPs can undergo reversible conversions between
a fluorescent bright state and a nonfluorescent dark state upon
light irradiation with appropriate wavelengths (13–15).

Among all photoswitchable FPs, Dronpa is the most studied
prototype (13). As a monomeric protein, Dronpa exhibits a typi-
cal GFP-like barrel structure (Fig. 1A) with its chromophore,
Cys62-Tyr63-Gly64 (CYG), held in the center. Notably, CYG in
Dronpa adapts distinct cis and trans conformations in the bright

and dark states, respectively (16–19). As shown in Fig. 1A, irra-
diating Dronpa at 488 nm generates fluorescence emission in the
green channel. Meanwhile, 488-nm light can convert Dronpa to
a nonfluorescent dark state with a bright-to-dark switching effi-
ciency (ΦBD) of 3.2 × 10−4. In addition, the dark state that is
formed can be efficiently converted back to the original bright
state by a brief irradiation at 405 nm (ΦDB ¼ 0.37) (13). The pri-
mary mechanism for Dronpa photoswitching is thought to arise
from the changes in the protonation-deprotonation states and/or
cis-trans conformations of the chromophore accompanied by reg-
ulation of structural flexibility of the protein matrix (Fig. 1B) (14,
17, 19). In line with these insights, several Dronpa mutants with
higher structural flexibility, such as Dronpa-2, Dronpa-3, rsFas-
tlime, bsDronpa, and Padron, are found to exhibit higher photo-
switching efficiency (18, 20–22). Although the photochromism of
Dronpa has been harnessed to study protein trafficking inside
cells (13, 23) and to superresolution fluorescence imaging (21,
24, 25), its environmental dependence is largely unexplored.

We first report our finding that the bright-to-dark photoswitch-
ing kinetics of the original Dronpa and its Dronpa-3 mutant is
actually not an intrinsic property of the internal chromophore; in-
stead, the kinetics slows down significantly with increasing viscosity
of the solvent that the protein is exposed to. To our knowledge, this
finding is a unique report of the viscosity effect on the photophysics
of FPs. Protein-flexibility mediated coupling between the chromo-
phore’s cis-trans conformational motion inside the protein and the
environmental friction outside the protein is proposed as the under-
lying mechanism. We further demonstrated microviscosity imaging
in the nucleus of live cells using the photoswitching kinetics of
H2B-Dronpa-3 fusion protein as a contrast mechanism. This fusion
protein would be a unique genetically encoded microviscosity
reporter, which does not exist with normal FPs, enabling the char-
acterization of the crowded intracellular local environments experi-
enced by specific proteins of interest.

Results and Discussion
Photoswitching Trajectory of Dronpa Under the Microscope. Our
modified confocal setup is shown in Fig. 2. In particular, we con-
trol both the beam size and temporal switching of two excitation
beams (For more details see Materials and Methods). Fig. 3A
shows a typical fluorescence intensity trajectory of Dronpa in
aqueous buffer. When the 405-nm light is switched on at the same
time as the 488-nm light, the bright green fluorescence appears
immediately because of efficient photoswitching from the dark
state to the bight state by the 405-nm light. When the 405-nm
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light is switched off after a 1-ms pulse duration and only the
488-nm light is illuminating the sample, the fluorescence intensity
of Dronpa starts to decrease because the continuous bright-to-
dark switching effect by the 488-nm light leads to dark-state build-
up and concurrent bright-state population decay.

We now examine the temporal decay shown in Fig. 3A. With a
much larger illumination area of the 405-nm beam creating a
wide reservoir of Dronpa in the bright state, immediately after
the 405-nm light is switched off, Dronpa molecules that are inside
and outside the 488-nm confocal spot are all in the bright state,

and hence their diffusional exchange would not affect the optical
signal. However, when the 405-nm laser is turned off, more dark-
state population builds up inside the 488-nm confocal spot over
time, at which the diffusional exchange with the bright-state mo-
lecules in the reservoir effectively attenuates the fluorescence in-
tensity decay. Eventually, a steady-state plateau would be reached
as the result of a balance between the dark-state population gen-
erated inside the 488-nm confocal spot and the diffusion of bright-
state population from the reservoir. Hence, while the steady-state
plateau is convolved with diffusion dynamics of the protein mole-
cule, the initial decay (right after the 405-nm light is off) is free
from the protein diffusion contribution.

Thus, we utilize only the initial 1.5-ms fluorescence decay
signal to obtain the diffusion-free photoswitching rate, as high-
lighted with the green color in Fig. 3A, Inset. Indeed, the initial
1.5-ms fluorescence trace can be well-fit with a single exponential
decay, which implies the absence of other kinetic contributions.
Moreover, we verified that the protein diffusion is insignificant at

Fig. 1. Structural and photophysical characteristics of Dronpa. (A) Photo-
switching scheme of the Dronpa protein. Upon irradiation at 405 and 488 nm,
Dronpa switches between dark and bright states. Structures of the dark and
bright state are shown in gray [Protein Data Bank (PDB) ID code 2POX] and
green (PDB ID code 2IOV), respectively (17, 18). (B) Representative views of
the chromophore and its nearby residues. The CYG chromophore in Dronpa
adapts distinct cis and trans conformations in the bright (Upper) and dark
state (Lower), respectively.

Fig. 2. Schematic of the modified confocal fluorescence microscope and il-
lumination scheme. The 488-nm laser provides continuous illumination and it
is tightly focused, whereas the pulsed 405-nm lasers, which has a smaller
beam size, is loosely focused by the same microscope objective (Upper
box). After the piezo stage moves to a new pixel every 30 ms, the 405-nm
laser is switched on for only 1 ms and the time course of fluorescence emis-
sion is continuously recorded under 488-nm excitation (Lower box).

Fig. 3. Viscosity dependence of the photoswitching kinetics of Dronpa. (A)
Fluorescence time course of Dronpa in aqueous buffer under the correspond-
ing on-off illumination scheme of the 488-nm and 405-nm light. Inset shows
the zoomed-in view and highlights the initial 1.5-ms duration of the fluor-
escence decay. The gray dashed line indicates the background fluorescence
level. (B) Normalized initial 1.5-ms fluorescence trajectories obtained under
four different 488-nm laser powers in aqueous buffer. Note that the gray
dashed line indicates a normalized fluorescence intensity of 0.60. (C) Normal-
ized initial 1.5-ms fluorescence trajectories of Dronpa obtained in buffer with
0 and 90% glycerol under 488-nm irradiation at 200 μW. Note that the red
dashed line indicates fluorescence decay with a rate of 164 s−1 which is 20%
slower than 197 s−1 and the gray dashed line indicates a normalized fluor-
escence intensity of 0.60. (D) Histograms of the decay rate obtained in buffer
with different percentages of glycerol under 488-nm irradiation at 200 μW
(0% dark red; 10% red; 20% orange; 40% dark yellow; 60% green; 70% pale
blue; 80% blue; and 90% purple).
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such a short timescale based on the known diffusion constant of
GFP in aqueous solution (26). As expected, the photoswitching
rate constant is directly related to the illumination intensity. With
higher 488-nm excitation power, more molecules were excited
per unit time and faster fluorescence decay rates were observed
(Fig. 3B).

Viscosity Dependence of Photoswitching Kinetics of Dronpa. We set
out to test the viscosity effect on the switching rate by varying the
glycerol percentage of solvent. As shown in Fig. 3C, we observed
a slower apparent fluorescence decay rate when Dronpa was
immersed in a buffer with a higher percentage of glycerol. Upon
488-nm irradiation at 200 μW, the fluorescence trajectories of
Dronpa in solution with 0 and 90% glycerol exhibit a single ex-
ponential decay rate of 197.61 and 103.38 s−1, respectively. In
Fig. 3D, a series of detailed statistical histograms of the decay
rates are shown by compiling over 300 fluorescence trajectories.
With increasing solvent viscosity, a decrease in the apparent
fluorescence decay rate is clearly observed. Furthermore, we per-
formed parallel experiments under different 488-nm excitation
powers. Quantitatively similar results are seen, and the average
deceleration factor is about 1.97 between 0 and 90% glycerol
(Table S1).

We attribute the observed deceleration factor of 1.97 of the
apparent fluorescence decay rate to the viscosity dependence
of the photoswitching rate, kBD, based on the following analysis.
Upon 488-nm excitation, the excited state of the bright-state
Dronpa could undergo three competing processes: a radiative
fluorescence pathway (kradiative), a nonradiative relaxation process
(knonradiative), or the nonradiative bright-to-dark conversion (kBD).
In principle, alterations in the dynamics of any of these three
pathways could lead to changes in the apparent photoswitching
yield, ΦBD, (hence apparent fluorescence decay rate) as:

ΦBD ¼ kBD
kradiative þ knonradiative þ kBD

: [1]

As reported earlier (6, 7), the fluorescence lifetime of GFP
variants is reciprocally proportional to the square of the refractive
index. Assuming Dronpa also follows such a correlation, we es-
timate the fluorescence lifetime of Dronpa in solution with 90%
glycerol (refractive index 1.458) to be 3.0 ns based on the fluor-
escence lifetime of 3.6 ns reported earlier for Dronpa in aqueous
solution (refractive index 1.333) (27). Everything else being the
same in both solutions, the decrease inΦBD due to the increase of
kradiative cannot be more than 20% (Fig. 3C). Thus, the refractive-
index-dependent kradiactive alone could not explain our observed
factor of 1.97. On the other hand, one might expect a decrease in
knonradiactive, as the protein matrix fluctuation could get con-
strained by the high solvent viscosity. However, according to
Eq. 1, a decrease in knonradiative could only result in a higher ΦBD.
Therefore, the observed deceleration factor of 1.97 of the appar-
ent fluorescence decay rate could only result from a decrease in
the bright-to-dark photoswitching rate kBD.

Molecular Mechanism of Viscosity-Dependent Photoswitching Ki-
netics. As for the underlying mechanism, we reason that the
cis-trans isomerization of the chromophore inside Dronpa during
photoswitching requires moderate translational motion of a part
of the protein β-barrel whose conformational dynamics should be
hindered by the frictional force exerted by viscous medium. As
discussed below, our proposal is supported by previous studies
carried out by NMR, X-ray crystal structure and molecular
dynamics (MD) simulation approaches (14, 17, 19, 28).

In a recent NMR study, it has been demonstrated that the
change in protein matrix flexibility is implicated upon bright-to-
dark photoswitching of Dronpa (19). Because the photoswitching
between two states involves a regulation in structural flexibility,

applying a constraint on the dynamics of Dronpa protein matrix
by the medium friction, in our opinion, should be able to slow
down the photoswitching kinetics. Besides, crystal structural
studies reveal that a cascade of structural rearrangements occur
within the protein core upon bright-to-dark photoswitching (14,
17). In particular, the chromophore would have to change from
the cis- to the trans- configuration and up to five nearby residues
on the protein β-barrel would need to translate outward by ap-
proximately 1 Å to be able to accommodate for the spatial rear-
rangement of the chromophore isomerization. Hence, these
observations are consistent with our picture of protein coupled
chromophore isomerization (i.e., photoswitching). Moreover,
the MD simulations suggest the flexibility of the chromophore
and its immediate protein environment is the key to nonradiative
decay process of dark-state Dronpa (28). As shown in Fig. 1B, the
dark state of Dronpa loses both the hydrogen bond with Ser-142
and the aromatic stacking with His-193 (17, 18). Such structural
changes increase the flexibility of both the chromophore and a
part of the β-barrel, favoring nonradiative relaxation processes
and leading to a short dark-state fluorescence lifetime of 14 ps
(27). This result again implies the possibility of that regulating
protein flexibility by local environments affects the accompanying
process of bright-to-dark chromophores switching.

As a control experiment, we observed almost no change in the
photoswitching kinetics of Dronpa in agarose gels of different
percentages (Fig. S1). This result is because the above-mentioned
conformation constraints on proteins is missing in the agarose
gel’s microchambers (29) in which proteins can still rotate and
breath freely as if they are in aqueous solvent. Hence, our pro-
posed mechanism is that light-induced mechanical motions of the
cis-trans isomerization of chromophore inside the protein would
be coupled to the medium outside the protein through the con-
formational flexibility of Dronpa protein.

More Pronounced Viscosity Dependence of a Dronpa Mutant.Dronpa
mutants such as Dronpa-2 and Dronpa-3 have been shown to ex-
hibit higher photoswitching efficiencies than the original Dronpa
(20). Meanwhile, both mutants show multiexponential fluores-
cence lifetime decays and lower fluorescence quantum yields
(21). The multiexponential decay kinetics in GFP variants has
been associated to the higher flexibility of the chromophore in the
protein environment (30, 31). The lower fluorescence quantum
yield of Dronpa-2 (ΦFL ¼ 0.28) and Dronpa-3 (ΦFL ¼ 0.33) (21)
indicates a dominant nonradiative process normally mediated by
higher protein flexibility and more structural fluctuation (28).
Intrigued by the higher photoswitching efficiency and the more
flexible chromophore/protein conformation, we further exam-
ined the photoswitching kinetics of Dronpa-3 in various solvent
compositions.

Fig. 4A shows a fluorescence intensity trajectory of Dronpa-3
in aqueous solution, which indeed decays faster than that of the
original Dronpa (Fig. 3A), and it reaches to a lower steady-state
plateau. Upon 488-nm irradiation at 200 μW, the fluorescence
trajectories of Dronpa-3 in solution with 0 and 90% glycerol ex-
hibit a single-exponential decay rate of 656.14 and 167.24 s−1, re-
spectively, with a deceleration factor of 3.92 (Fig. 4 B and C).
Experiments under different 488-nm excitation powers were also
performed and the average deceleration factor is found to be
about 3.87 between 0 and 90% glycerol (Table S2). Compared
to the corresponding factor of 1.97 in Dronpa, a factor of 3.87
for Dronpa-3 clearly demonstrates a more pronounced depen-
dence on the medium viscosity (Fig. 5A).

We then compare the protein structures of Dronpa and Dron-
pa-3 in Fig. 5B. Note that the structure of Dronpa-3 is generated
by a PyMOL maturation wizard with a double mutation (V157I/
M159A). Isoleucine is more bulky than valine, thus it is in a close
distance of 2.5 Å to serine142. Because the distance of 2.5 Å is
shorter than the sum of the van der Waals radii of Cδ in isoleucine
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and Cβ in serine, certain conformational rearrangements should
occur, contributing to weakening the hydrogen bond between
serine142 and the chromophore. In addition, alanine is much
smaller than methionine leaving a spacious cavity to easily accom-
modate the dark-state chromophore. Therefore, consistent with
our proposed mechanism, the higher flexibility of Dronpa-3 ulti-
mately contributes to the photoswitching kinetics that is more
sensitive to the exposed medium friction.

Furthermore, we might gain some insights about photoswitch-
ing behavior in general by lapping structures of the dark-state
Dronpa and GFP together (Fig. 5C). It can be seen that the

phenylalanine165 in GFP spatially overlaps with the dark-state
Dronpa chromophore. Such a steric hindrance from protein β-
barrel would severely obstruct the cis-trans isomerization of SYG
chromophore of GFP, which might explain why the normal GFP
cannot be photoswitchable. Therefore, the Dronpa family possibly
owes its photoswitching capability to the remarkable flexibility of
the chromophore cavity and (a part of) protein β-barrel that exerts
less steric/electrostatic hindrance to the chromophore isomeri-
zation.

Genetically Encoded Microviscosity Reporter in Live Cells. Based on
the discovered unique optical property of Dronpa-3, we then de-
monstrated its utility as a genetically encoded microenvironment
probe, which has not been previously reported. As discussed ear-
lier, the normal GFP family cannot achieve this goal because its
chromophore is well-shielded from the surrounding environment
by the protein matrix and consequently its fluorescence intensity
and lifetime becomes unrelated to the medium viscosity (6, 7).

In our demonstration, Dronpa-3 was introduced into human
embryonic kidney cells (HEK 293T) either alone or in fusion with
histone H2B protein. As in in vitro assays, each scanning confocal
pixel spends 30-ms duration during which the 405-nm light is on
for the initial 1-ms whereas the 488-nm light is left on continu-
ously. The regular intensity-based contrast is obtained by aver-
aging the fluorescence intensity over 5 ms right after the 405-nm
light is turned off. The photoswitching rate-based image contrast
is generated by fitting the fluorescence decay of the initial 1.5-ms.

As shown in Fig. 6, all in vivo decay-rate histograms exhibit a
wider distribution and a slower average rate compared to that ob-
tained from in vitro experiments under 0% glycerol. The slower
rate indicates a higher intracellular viscosity and/or crowded envir-
onments that are affecting Dronpa-3′s protein matrix flexibility.
We note that although GFP in the cytoplasm shows a certain dis-
tribution in its kradiative due to intracellular variation of the refrac-
tive index (32), the distributions of the decay rate observed here
are much wider than what could result from refractive index var-
iation alone. Thus, our in vivo decay-rate histograms unambigu-
ously demonstrate a more heterogeneous environment in cells.

When Dronpa-3 was expressed alone in HEK 293T cells, we
obtained information about microscopic environments of the cyto-
plasm that are not available from regular intensity based images.
As shown in Fig. 6B, the average decay rate observed from the
cytoplasm corresponds with those observed from 20 and 40% gly-
cerol buffers. Hence, the viscosity of the cytoplasm can be esti-

Fig. 4. Viscosity dependence of the photoswitching kinetics of Dronpa-3. (A)
Fluorescence time course of Dronpa-3 in aqueous buffer under the corre-
sponding on-off illumination scheme of the 488- and 405-nm light. The gray
dashed line indicates the fluorescence background level. (B) Normalized in-
itial 1.5-ms fluorescence trajectories of Dronpa-3 obtained in buffers with dif-
ferent percentages of glycerol under 488-nm irradiation at 200 μW. Note that
the gray dashed line indicates a normalized fluorescence intensity of 0.15. (C)
Histograms of the decay rate obtained in buffer with different percentages
of glycerol under 488-nm irradiation at 200 μW (0% dark red; 10% red; 20%
orange; 40% dark yellow; 60% green; 70% pale blue; 80% blue; and 90%
purple).

Fig. 5. Comparison between Dronpa and Dronpa-3. (A) The decay rate of Dronpa and Dronpa-3 under four different 488-nm laser powers and in buffer with
eight different glycerol percentages. Clearly, the photoswitching kinetics of Dronpa-3 exhibits a more pronounced dependence on the local viscosity. (B)
Structure comparison of bright-state Dronpa (18) and Dronpa-3. The Dronpa-3 structure with a double mutation (V157I and M159A) is generated by the
PyMOL maturation wizard. Note that I157 (right) is in closer proximity to serine142 than V157 (left) and A159 (right) is further away from the chromophore
thanM159 (left). (C) Structural overlap of dark-state Dronpa (gray) and GFP (blue) (5, 17). The protein surface of F165 in GFP is shown in blue. Note that protein
surface of F165 is overlapping with the CYG chromophore.
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mated to be close to 3.0 mPa·s, which is indeed consistent with
earlier reports using GFP fluorescence recovery after photobleach-
ing (FRAP) (26). In the case of Dronpa-3 fused with H2B protein,
when cells do not undergo mitosis (Fig. 6C), the observed decay
rate indicates a more viscous chromatin environment experienced
by H2B than that of the cytoplasm (slightly higher than that of a
60% glycerol buffer). When cells undergo mitosis (Fig. 6D), the
observed decay rate exhibits an evenmore heterogeneous variation
of viscosity, possibly due to the densely packed chromosomes,
ranging from those of a 0 to 90% glycerol buffer. More images are
shown in Fig. S2. Such a remarkable heterogeneity in the distribu-
tions of the microviscosity experienced by H2B might be related to
the recently observed heterogeneous chromatin compaction de-
tected by fluorescence anisotropy of H2B-EGFP (33).

Conclusion
In summary, we report here on the viscosity sensing property of
the photophysics of the photochromic fluorescence protein Dron-
pa and its mutant. This finding is a special example of fluorescent
proteins in which the external environment could exert a mechan-
ical effect on the internal chromophore, making Dronpa an inter-
mediate between the fully exposed organic dyes and the normal
FPs whose chromophores are completely shielded. The critical
protein conformational flexibility could be responsible not only
for the emergence of the photoswitching capability of the Dronpa
family, but also for the delicate coupling between the cis-trans
isomerization of the internal chromophore and the environment
outside the protein. This observation is reminiscent of the protein

conformational cascade during signal transduction in the rhodop-
sin family. These insights could shed light on the molecular me-
chanism of the protein photochromic effect and enhance further
protein engineering toward improved photophysical properties.

On the bioimaging side, this genetically encoded viscosity re-
porter could enable characterization of the crowed microenviron-
ment experienced by any specific proteins of interest via protein
fusion, although we only demonstrated H2B in this study. Given
the fact that intracellular viscosity and macromolecular crowding
play an important role in processes such as signal transduction,
nuclear envelope function, chromatin localization, ribonucleo-
protein assembly, and diffusion of reactive oxygen species (34–
36), this unique reporter could provide valuable mechanistic in-
formation about protein function in the crowded and dynamic
cellular environment. For example, the observed heterogeneous
microviscosity throughout the cell nucleus shown in Fig. 6,
together with the reported spatiotemporal heterogeneity of chro-
matin compaction/fluidity (33), could have broader implications
in understanding chromatin condensation and transcription con-
trol within live cells.

Materials and Methods
Fluorescence Microscopy. Our experimental setup is a modified confocal mi-
croscope equipped with two-color laser excitation (Fig. 2). The 488-nm beam
was spatially expanded and collimated before it was collinearly combined
with the 405-nm beam that had a smaller beam size. As a result, the focal
spot of 488-nm beam in the sample is smaller and completely covered by
the 405-nm illumination area. Temporally, samples were continuously illumi-
nated with the 488-nm light, while a 1 ms pulse of 405-nm light was applied

Fig. 6. Mapping microviscosities in live cells with photoswitching kinetics of Dronpa-3 as a contrast mechanism. (A) Histograms of the decay rate of Dronpa-3
under 488-nm irradiation at 100 μW in buffers with different percentages of glycerol (0% dark red; 10% red; 20% orange; 40% dark yellow; 60% green; 70%
pale blue; 80% blue; and 90% purple). (B) Images of Dronpa-3 that are expressed alone in an HEK 293T cell. (C and D) Images of Dronpa-3 fused with histone
H2B protein and expressed in an HEK 293T cell. (C) Images were taken while the cell did not undergo mitosis. (D) Images were taken while the cell underwent
mitosis. In B, C, and D, the fluorescence intensity-based image, the photoswitching rate-based image, and the corresponding decay rate histogram are shown.
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every 30 ms. A fluorescence filter and a 50 μm pinhole were used in front of
the photomultiplier tube to reject the fundamental laser light and to ensure
confocality. To acquire fluorescence trajectories and images, the sample was
moved by a closed-loop piezo stage in a raster scanning pattern. A home-
written LabVIEW program was used to control the stage scanning, to syn-
chronize 405-nm pulse firing and to record fluorescence signals via a data
acquisition card (Fig. 2, Lower). For data analysis, another LabVIEW program
was used to extract initial 1.5-ms fluorescence decay trajectories, to fit the
extracted traces with single-exponential decay and to form the decay
rate-based images.

Plasmid Construction. Dronpa expression vector and Dronpa-3 cloning vector
were purchased from MBL International Corporation. The DNA fragment
containing the Dronpa gene was amplified by PCR and subcloned into the
NdeI and XhoI site of pAED4 plasmid. The pAED4-Dronpa vector and the
pAED4-Dronpa-3 vector were later used to express Dronpa protein in Escher-
ichia coli BL21 cells. For in vivo experiments, the H2B-Dronpa-3 plasmids and
the Dronpa-3 expression vector were constructed by replacing the EGFP gene
in the H2B-GFP plasmid with the Dronpa-3 gene and removing the H2B gene
from the H2B-Dronpa-3 plasmids, respectively. Both pAED4 plasmid and

H2B-GFP plasmid are generous gifts from Virginia Cornish (Columbia Univer-
sity, New York, NY).

Protein Production, Purification, and Transfection. Dronpa and Dronpa-3
proteins were expressed in E. coli BL21 cells and purified by His-tag affinity
and subsequent size-exclusion chromatography according to standard proce-
dures. A final protein concentration of 10 ∼ 50 μM was prepared in 50 mM
sodium phosphate buffer at pH 8.0 with 300 mM NaCl and 0, 10, 20, 40, 60,
70, 80, or 90% (vol∕vol) of glycerol. Homogeneity was confirmed to be more
than 99% by SDS-PAGE analysis. The HEK 293T cells were seeded in plates at a
density of 2 × 105 cells in 2 mL of DMEM with 10% FBS and 1% penicillin/
streptomycin. Dronpa-3 and H2B-Dronpa-3 DNA constructs were transiently
transfected into HEK 293T cells using transfection reagent FuGENE HD, sepa-
rately.
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SI Materials and Methods
FluorescenceMicroscopy.Our experimental setup is shown in Fig. 2.
A 405-nm diode laser (Cube 405-50C, Coherent) and a 488-nm
Sapphire laser (Sapphire 488-50, Coherent) are used as the ex-
citation source on a home-built confocal microscope. The 488-
nm beam is spatially expanded and collimated before it is colli-
nearly combined with the 405-nm beam, which has a smaller
beam size by a dichroic mirror (LM-01-427-25, Semrock). Both
beams are sent into an inverted microscope (IX71, Olympus). A
laser dichroic mirror (FF495-Di03-25 × 36, Semrock) reflects the
excitation light into an oil immersion objective lens (UPlanSApo,
100×, 1.4 N.A., Olympus). The objective lens focuses the 488-nm
laser beam into a diffraction-limited spot. In contrast, the 405-nm
laser beam has a smaller beam size before entering the micro-
scope and underfills the back aperture of the objective. As a re-
sult, the focal spot of 488-nm beam in the sample is smaller and
completely covered by the 405-nm illumination area. The same
objective collects the epifluorescence signal, which is then direc-
ted to the microscope’s primary image plane. A fluorescence
filter (BLP01-488R, Semrock) was used in front of the photomul-

tiplier tube (PMT) (R9110, Hamamatsu) to reject the fundamen-
tal laser light. A 50-μm pinhole in front of the PMT ensures
confocality.

The PMT is equipped with a wide-bandwidth amplifier module
(10 MHz; M7279, Hamamatsu) and the PMT current output is
further amplified by a low-noise current preamplifier (SR570,
Stanford Research Systems). To acquire fluorescence trajectories
and images, the sample is moved by a closed-loop piezo stage
(P-545.2R7, Physik Instrumente) in a raster scanning pattern.
A home-written LabVIEW program is used to control the stage
scanning, to synchronize 405-nm pulse firing, and to record fluor-
escence signals via a data acquisition card (PCI-6259, National
Instruments). The synchronization between the stage step-scan-
ning and the 405-nm pulse firing is shown in Fig. 2, Lower. For
data analysis, another home-written LabVIEW program is used
to extract initial 1.5-ms fluorescence decay trajectories and to fit
the extracted traces with single-exponential decay for those in vi-
tro and in vivo experiments and to form images for those in vivo
experiments.

Fig. S1. Fluorescence time course and decay rates of Dronpa-3 in agarose gels of different percentages. (A) Fluorescence time courses of Dronpa-3 in agarose
gels of 1 and 5% concentrations under the corresponding on-off illumination scheme of 405-nm light (488-nm light is continuously on). The gray dashed line
indicates the fluorescence background level. (B) The decay rate Dronpa-3 in agarose gel of five different percentages. No clear difference of the decay rates was
observed.
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Fig. S2. Mapping microviscosities in live cells with photoswitching kinetics of Dronpa-3 as a contrast mechanism. (A) Histograms of the decay rate of Dronpa-3
under 488-nm irradiation at 100 μW in buffers with different percentages of glycerol (0% dark red; 10% red; 20% orange; 40% dark yellow; 60% green; 70%
pale blue; 80% blue; and 90% purple). (B) Images of Dronpa-3 that are expressed alone in an HEK 293T cell. (C and D) Images of Dronpa-3 fused with histone
H2B protein and expressed in an HEK 293T cell. (C) Images were taken while the cell did not undergo mitosis. (D) Images were taken while the cell underwent
mitosis. In B, C, and D, the fluorescence intensity-based image, the photoswitching rate-based image, and the corresponding decay rate histogram are shown.
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Table S1. The fluorescence decay rates of Dronpa in buffer with
various percentages of glycerol

488-nm laser power
Dronpa (% glycerol) 100 μW 200 μW 400 μW 1,000 μW

0a 152.81 197.61 229.85 282.28
10 144.74 188.85 218.94 271.89
20 135.17 178.75 199.28 252.52
40 126.85 160.91 183.45 215.37
60 116.00 140.12 170.43 193.64
70 106.62 123.45 144.64 169.84
80 103.53 112.38 135.30 159.32
90b 97.71 103.38 112.15 118.87
Ratioa/b 1.56 1.91 2.04 2.37

All rates are in the unit of second−1. Ratio is obtained by dividing a by b.

Table S2. The fluorescence decay rates of Dronpa-3 in buffer with
various percentages of glycerol

488-nm laser power

Dronpa-3 (% glycerol) 100 μW 200 μW 400 μW 1,000 μW

0a 532.41 656.14 741.52 834.32
10 514.77 625.52 699.73 784.22
20 490.09 589.41 665.79 735.41
40 437.58 521.04 573.09 654.89
60 339.08 427.38 492.70 576.18
70 263.81 357.95 426.45 482.84
80 197.22 285.74 338.43 380.70
90b 133.47 167.24 193.67 223.98
Ratioa/b 3.99 3.92 3.83 3.72

All rates are in the unit of second−1. Ratio is obtained by dividing a by b.
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