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Microscopic viscosity (microviscosity) is a
key determinant of diffusion in the cell and defines the rate
of biological processes occurring at the nanoscale, including
enzyme-driven metabolism and protein folding. Here we
establish a rotor-based organelle viscosity imaging (ROVI)
methodology that enables real-time quantitative mapping of
cell microviscosity. This approach uses environment-
sensitive dyes termed molecular rotors, covalently linked
to genetically encoded probes to provide compartment-
specific microviscosity measurements via fluorescence
lifetime imaging. ROVI visualized spatial and temporal
dynamics of microviscosity with suborganellar resolution,
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reporting on a microviscosity difference of nearly an order of magnitude between subcellular compartments. In the
mitochondrial matrix, ROVI revealed several striking findings: a broad heterogeneity of microviscosity among individual
mitochondria, unparalleled resilience to osmotic stress, and real-time changes in microviscosity during mitochondrial
depolarization. These findings demonstrate the use of ROVI to explore the biophysical mechanisms underlying cell

biological processes.
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he distinct biological functions of cellular organelles are

maintained by their endomembrane-mediated com-

partmentalization, allowing accumulation of macro-
molecules and small solutes that support specific processes. For
example, the endoplasmic reticulum (ER) contains an
abundance of molecular chaperones that assist protein folding
as well as oligosaccharides and oxidants that promote protein
maturation.” The abundance and physico-chemical properties
of solute molecules affects biophysical properties of organelles,
including microviscosity and macromolecular crowding, which
are key determinants of diffusion-governed kinetics for
countless processes, including protein folding.”

Microviscosity governs both the translational and rotational
motion of molecules inside a living cell” The biological
importance of microviscosity is exemplified in studies showing
that changes in plasma membrane microviscosity alter the
motility of endothelial cells in response to extracellular growth
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factors.”* In wvitro studies have shown the influence of
microviscosity on the dynamics of protein folding, protein
conformational characteristics,” and enzyme kinetics.” How-
ever, efforts to measure the microviscosity of the specific
aqueous intracellular environments where these processes take
place have been frustrated by technological limitations.
Understanding how microviscosity influences cell biology
requires a methodology that provides quantitative and
comparable information about distinct cellular environments.
Genetically encoded protein probes can be localized to specific
subcellular locations. The translational diffusion of fluorescent
proteins, measured using techniques such as fluorescence
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Figure 1. BODIPY-HaloTag structure and viscosity-sensitive photophysics. (a) Chemical structure of BODIPY-HaloTag ligand. (b)
Computational model showing the anchoring of a BODIPY-HaloTag ligand to D106 in the channel of HaloTag protein. The protein N-
terminus is denoted by “N”. (c) In silico obtained values of inverse rotational speed of BODIPY moiety as a function of viscosity of water/
glycerol mixtures; a comparison of BODIPY-HaloTag protein (orange) and free BODIPY-HaloTag ligand (gray). (d) Fluorescence decays of
BODIPY-HaloTag protein in water/glycerol solutions of different concentrations at 37 °C, corresponding to the viscosity range of 1.8—3800
cP. (e) Average fluorescence lifetimes of BODIPY-C,, (gray) and BODIPY-HaloTag protein (orange) in various concentrations of water/
glycerol solutions with known macroviscosities. (f) Fluorescence lifetime of BODIPY-HaloTag protein in water/glycerol mixtures (orange)
and PEG 6000 solutions (gray) at various concentrations (within solubility limits) with known macroviscosity. The relationship between
fluorescence lifetime and water/glycerol mixtures viscosity was fit according to the Forster—Hoffmann model (orange line).

recovery after photobleaching (FRAP), has been used to report
on the mobility of cellular proteins.” However, translational
diffusion of a protein is strongly influenced by macromolecular
crowding and intracellular compartmentalization, rendering it
unsuitable for the assessment of microviscosity. While rota-
tional and translational diffusion of small fluorophores can
selectively report rnicroviscosity,2 a previous inability to localize
them to specific compartments precluded their use in
measuring microviscosity in such locations.

Small synthetic fluorescent molecules termed “molecular
rotors” have emerged as a tool for the measurement of
microviscosity in live cells. Molecular rotors respond optically
to the microviscosity of the local environment.® Both the
quantum yield and the fluorescence lifetime of these
fluorophores increase with microviscosity-induced hindrance
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of internal rotation of the molecule.” In 2008, Kuimova ef al."’

demonstrated experimentally a molecular rotor that reported
on intracellular viscosity through its fluorescence lifetime.
Fluorescence lifetime is the average time a fluorophore spends
in the excited state before emitting a photon and, unlike
fluorescence intensity, is a concentration independent param-
eter. In the case of molecular rotors, a mathematical
relationship exists between viscosity and fluorescence lifetime,
defined by the Forster—Hoffmann model.'”"" This framework
enables spatial mapping of viscosity using fluorescence lifetime
imaging microscopy (FLIM).

While molecular rotors have been directed to cellular
locations such as the plasma membranes,'? mitochondria,">'*
or endoplasmic reticulum,'>'® the targeting mechanisms
employed have depended upon exploiting the physical and
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Figure 2. BODIPY-HaloTag probes localize to distinct compartments of cells. COS7 cells were transiently transfected with expression
plasmids encoding HaloTag proteins with various organelle localization sequences. HaloTag protein was either (a) untargeted, which
accumulated in the cytosol and nucleus, (b) targeted to the ER lumen, or (c) targeted to the mitochondrial matrix. In each case, cells were

labeled with 100 nM haloalkane BODIPY ligand for 30 min.

chemical properties of specific endomembranes or by fusion to
organelle component proteins. Moreover, the use of chemically
distinct probes in different compartments has prevented a true
comparison of the reported microviscosities.'”'*'>'”'* To
address this, we sought to develop a multiorganelle targeted
microviscosity-sensing system in cells, which we dubbed rotor-
based organelle viscosity imaging (ROVI). ROVI combines the
microviscosity sensitivity of a molecular rotor with a genetically
encoded probe that can be targeted to different cellular
compartments with exquisite specificity. Combined with FLIM,
this approach provides information on the cellular micro-
viscosity landscape during dynamic biological processes.

BODIPY, a molecular rotor based on meso-substituted boron
dipyrrin (Figure Sla), emerged as a favorable basis for ROVI
design for the following characteristics: a large dynamic range
of fluorescence lifetimes (0.4—5.7 ns), corresponding to
calibration media macroviscosities of 1—7000 cP (Figure S2),
cell 2%))errneability,19 and temperature-independent photophy-
sics.

Cellular proteins localize to distinct subcellular sites by
organelle-specific targeting sequences, which are commonly
removed enzymatically at their ultimate destination. We sought
to apply this targeting system to HaloTag, a protein that
covalently binds specific haloalkane-derived synthetic chemical
ligands. To test the feasibility of a HaloTag bound micro-
viscosity probe, we used explicitly solvated atomic-resolution
molecular dynamics (MD). In silico MD simulations provide a
physics-based framework to predict, with unparalleled
spatiotemporal resolution, the motions of ligands and
protein—ligand complexes and their dependence upon local
interactions with solvent.”" Rotational velocities of a haloalkane
derivative of BODIPY (Figure 1) were modeled and calibrated
to macroviscosity in water/glycerol mixtures (Figure S3a,b).
Modeling supported the hypothesis that changes in radiative
fluorescence decay are imposed by steric effects on the rate of
BODIPY-mesophenyl group rotation” (Figure S3c). Simulated
viscosity dependence of a haloalkane BODIPY ligand was
largely preserved upon covalent attachment to the solved
structure of HaloTag protein at D106 (Figure 1b,c). These in
silico proof-of-principle studies indicated that HaloTag-based
organelle targeting could be developed for in vivo measure-
ments.

Haloalkane BODIPY ligand (Figure 1a) was synthesized and
covalently bound to HaloTag protein in vitro, generating a
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protein-bound viscosity probe as characterized in silico (herein
referred to as BODIPY-HaloTag) (Figure 1b). The fluores-
cence lifetime of purified BODIPY-HaloTag responded to small
solute-induced changes in microviscosity in vitro, with a large
dynamic range of 0.75—5.7 ns in water/glycerol mixtures
(spanning 37 standard deviations of measurement) correspond-
ing to macroviscosities of 1.8—3800 cP (Figure 1d,e) with
negligible temperature sensitivity (Figure S2). BODIPY-
HaloTag fluorescence lifetimes were calibrated to water/
glycerol standard macroviscosities via the Forster—Hoffmann
model (see Supporting Information)'" and described with units
of cP relative to glycerol (cP®) (Figure 1f).

The intracellular milieu is made up of both small solutes and
macromolecules, which exert distinct influences on diffusion-
limited processes. Small molecule viscogens induce micro-
viscosity effects that perturb diffusion rates. Macromolecules
can both perturb diffusion through collision events and
generate excluded volume effects that accelerate diffusion
limited processes.”” To test the specificity of ROVI toward
these distinct environmental effectors, BODIPY-HaloTag was
incubated with solutions of the 6 kDa globular macromolecule
polyethylene glycol (PEG) to a concentration of 40% w/w
(reflecting the predicted intracellular macromolecular occu-
pancy of 5—40%).”*** 6 kDa PEG produced only a modest
increase in BODIPY-HaloTag fluorescence lifetime and
correlated poorly with macroviscosity of the medium (Figure
1f). A similar trend was seen with 20 kDa PEG, whereas
sucrose mixtures produced a strong response in fluorescence
lifetime, as seen for glycerol (Figure S4, Figure 1d,e). These
data demonstrate BODIPY-HaloTag specificity for small
molecule-induced microviscosity, with relative insensitivity to
macromolecular crowding.

Next, we assessed the ability of BODIPY-HaloTag to
measure intracellular microviscosity. To permit the use of
identical fluorophores in distinct organelles, HaloTag coding
sequences were modified with N-terminal peptides that target
the protein to either the ER or mitochondrial matrix. BODIPY-
HaloTag distributions in COS7 cells treated with haloalkane
BODIPY ligand were confirmed by confocal microscopy
(Figure 2a—c) and colocalized with established organelle
markers (Figure SS), while untransfected cells showed
negligible fluorescence upon haloalkane BODIPY treatment
(Figure S6). BODIPY-HaloTag lacking a targeting sequence
accumulated in the cytosol and nucleus where it displayed a
mean fluorescence lifetime of 2.37 + 0.18 ns, corresponding to
a microviscosity of ~39 cP8 (Figure 3a—c and Figure S7A). Of
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Figure 3. ROVI maps microviscosity in distinct compartments of cells. (a) Color coded fluorescence lifetime image of a COS7 cell expressing
BODIPY-HaloTag protein lacking any organelle targeting sequences (Untargeted). Note accumulation throughout the cytosol and nucleus.
(b) FLIM image shown in (a) colored with a binary distribution of fluorescence lifetime (Untargeted). (c) Histogram of fluorescence lifetimes
of image (a) (black line) fitted with bimodal Gaussian (green), the curves corresponding to the cytosolic lifetime (orange) and nucleosol
(blue). (d) Segmented FLIM of cytosol and (e) segmented FLIM of the nucleosol identified by morphology of fluorescence intensity. (f)
Histograms corresponding to the segmented FLIMs (d) and (e) in orange and blue, respectively. Note the similar distributions to populations
in (c). (g) Lumen of the endoplasmic reticulum. (h) The mitochondrial matrix. (i) Average fluorescence lifetimes of BODIPY-HaloTag
protein in the different intracellular localizations at 37 °C overlaying the water/glycerol calibration data with Forster—Hoffmann model fit
(gray line). Mean fluorescence lifetimes in the cytosol (11 cells), nucleus (11 cells), ER (10 cells) and mitochondria (18 cells) were analyzed
by one-way ANOVA. * P < 0.05 (cytosol vs ER), *** P < 0.0001 (cytosol, nucleus, or ER vs mitochondria).

note, this value is higher than previous estimations of
cytoplasmic microviscosity of 1—18 cP.”** Bimodal fitting of
the fluorescence lifetime distributions of BODIPY-HaloTag
lacking a targeting sequence revealed two environments with
distinct microviscosities, identified by morphology as the
cytosol and nucleus (Figure 3b,c). Individual FLIM analysis
of these compartments (Figure 3d-f) revealed a mean cytosolic
lifetime of 2.33 + 0.18 ns and a nuclear mean lifetime of 2.54 +
0.20 ns, corresponding to microviscosities of ~35 cP8 and ~56
cP8, respectively (Figure 3i and Figure S7).

Analysis of HaloTag targeted to the ER lumen showed a
significantly higher microviscosity than that of the cytosol, with
mean lifetime of 2.64 + 0.17 ns corresponding to ~68 cP®
(Figure 3g,i and Figure S7). Microviscosity within the
mitochondrial matrix was dramatically higher than in other
compartments, with a mean fluorescence lifetime of 3.54 + 0.29
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ns corresponding to ~325 cP8 (Figure 3h,i). Incubation of
purified BODIPY-HaloTag with COS7 cell lysates, dialyzed to
remove small molecule cellular viscogens, caused no significant
change in probe fluorescence lifetime (Figure S7). This
suggests that cellular proteins do not themselves interact with
BODIPY-HaloTag in a manner that influences microviscosity
measurement. These data showcase the utility of ROVI to
resolve biophysically distinct environments in the cell by
targeting a single probe to multiple compartments.

Next, we tested the ability of BODIPY-HaloTag to respond
to rapid changes in microviscosity induced by osmotic shock.
BODIPY-HaloTag expressing COS7 cells grown in isotonic
culture medium (305 mOsmol/kg) were briefly exposed to
hypotonic conditions (152 mOsmol/kg), leading to visible
swelling that was accompanied by a decrease in microviscosity
by approximately 34 cP® (Figure 4ab,d). Subsequent exposure
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Figure 4. ROVI reveals distinct responses of different subcellular compartments to changes in extracellular osmolality. Color coded FLIM
images of BODIPY-HaloTag in COS7 cells expressing HaloTag in (a—c) the cytosol (cyto), (e—g) ER, and (i—k) mitochondrial matrices
(mito). Cells imaged in (a,e,i) isotonic, (b,fj) hypotonic, or (c,gk) hypertonic culture conditions. Fluorescence lifetime distribution is
displayed in histograms for (d) cytosolic, (h) ER, and (1) mitochondrial matrix localized BODIPY-HaloTag. Shown are representative cells

from three cells analyzed for each localization.

to hypertonic conditions (609 mOsmol/kg) caused cell
shrinkage and a concordant increase in microviscosity 50 cP®
above basal levels (Figure 4c,d). ER microviscosity was
modulated by these osmotic changes in line with that of the
cytosol (decrease of 41 cP® in hypotonic and an increase of 35
cP® in hypertonic conditions), suggesting the two compart-
ments rapidly equilibrate water potential with the extracellular
environment (Figure 4e—h). Temporal analysis of ER micro-
viscosity dynamics upon exposure of a cell to hypotonic
conditions suggested a single exponential kinetic process
(Figure S8a), in line with studies of whole cell swelling under
hypotonic conditions.”® In contrast, mitochondrial matrix
microviscosity was relatively stable in the face of hypo- and
hyper-osmotic conditions (Figure 4i-1), suggesting that the
mitochondrial matrix is insulated from external osmotic shock.

To assess the degree of heterogeneity in microviscosity
within cellular compartments, ROVI fluorescence lifetime
distribution of individual cells was scrutinized (Figure Sa).
Mitochondrial heterogeneity contributed to a significantly
broader lifetime distribution than that observed in the cytosol
and ER (histogram full-width at half- maximum (fwhm) ~ 1 ns,
compared to ~0.3 in the cytosol, ER, or for purified probe at
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similar fluorescence intensities in vitro) (Figure Sa). Mitochon-
dria are structurally dynamic organelles that flux between
physically separated compartments and a continuous reticulum
by fusion and fission events.”” Mitochondrial BODIPY-
HaloTag imaging revealed a variety of distinct morphologies
within individual COS7 cells (Figure Sb and Figure 2c). Matrix
viscosities of adjacent mitochondria within a syncytium varied
profoundly, exposing matrix discontinuity between physically
connected mitochondria that was not revealed by fluorescence
intensity (Figure 5b,c).”® Moreover, mitochondrial lifetime
histograms achieved better fit to a bimodal, rather than a single
Gaussian distribution (Figure Sc,d), suggesting there are at least
two distinct populations of mitochondrial microviscosity in a
single cell. Studies in the field of mitochondrial biology have
been greatly advanced by the use of pharmacological
modulators that have undergone extensive characterization.”
The relationship between mitochondrial functionality and
matrix microviscosity was explored by imaging mitochondria
during treatment with one such well-characterized compound,
ionomycin, a calcium-specific ionophore that induces collapse
of inner mitochondrial membrane polarization and matrix
swelling.”® Treatment of cells with 2 4M ionomycin for 15 min
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Figure S. Microviscosity in the mitochondrial matrix is heterogeneous and decreases upon loss of inner membrane potential. (a) Fluorescence
lifetime histograms of untargeted, ER-targeted and mitochondrial matrix-targeted BODIPY-HaloTag (corresponding to FLIM images in
Figure 3a, g, h, respectively) compared to the fluorescence lifetime histogram of BODIPY-HaloTag in an 80% glycerol calibration mixture at
10 °C (186 cP) recorded at similar FLIM acquisition conditions (Solution). (b) Detail of fluorescence intensity image and (c) FLIM image of
BODIPY-HaloTag protein in mitochondrial syncytia (Mito), showing regions of distinct matrix microviscosity. (d) Histogram showing the
distribution of fluorescence lifetime in FLIM image (c), including a bimodal Gaussian fit which demonstrates that a minimum of two
populations contribute to the fluorescence lifetime. (e) FLIM image of mitochondrial BODIPY-HaloTag in a COS7 cell prior to or (f) after 15
min treatment with 2 uM ionomycin. (g, h) Fluorescence lifetime histograms corresponding to FLIM images (e) and (f), respectively, with
bimodal Gaussian fitting. Shown is a representative cell from six cells analyzed.

led to a decrease in lifetime of 0.27 ns + 0.12 ns, indicating a
mean drop in matrix microviscosity of ~130 cP8 (Figure Se—h
and Figure S7b) upon inner membrane depolarization, that was
not seen upon treatment with a DMSO vehicle control. These
data provide evidence of changes in matrix microviscosity that
accompany alterations in mitochondrial function.

Endomembrane encapsulation of organelles serves to segregate
the molecular contents and environmental properties that
endow function to these distinct compartments. The develop-
ment of biosensors that allow interrogation of organelle
properties in live cells has greatly advanced the understanding
of a wide range of biological processes. The majority of
biosensors report on a specific molecular analyte. The benefits
of this type of probe are exemplified by their impact on the
understanding of calcium storage and dynamics within the
endoplasmic reticulum and mitochondria.”"** Likewise, the
measurement of redox active species using genetically encoded
probes has provided insight into redox biology at the level of
organelles.”” ™ Typically, such analyte-specific sensors are
designed using a biological template, by modifying biomole-
cules that possess specific molecular affinities. However, the
lack of a unified design principle for the development of sensors
that report on environmental biophysical characteristics has
presented a challenge. Recently breakthroughs have been made,
such as the emergence of a technique that measures
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macromolecular crowding in cells. This parameter contributes
to diffusion rates, which govern the majority of cellular
processes.”® Microviscosity is another biophysical parameter
that is predicted to affect cellular diffusion. In vitro studies have
implicated microviscosity as a modulator of fundamental
processes such as enzyme catalysis and protein folding,™
emphasizing the acute need to design live-cell microviscosity
biosensors.

We have developed BODIPY-HaloTag as a specific micro-
viscosity-sensing reagent suitable for live cell imaging that
allows resolution of spatiotemporal variations in microviscosity
on a minute time scale relevant to biological processes. In vitro
measurements using ROVI showed high specificity to micro-
viscosity and were relatively unaffected by macromolecular
crowding (Figure 1f and Figure S4). While macromolecular
crowding and microviscosity are known to exert distinct effects
on the diffusion of solute molecules, the influence of
macromolecules on the effective viscosity felt by small
molecules, comparable in size to a molecular rotor, remains
an area of active investigation. The use of a genetically encoded
probe provided specific subcellular localization to ROVI
measurements, enabled by covalent binding of a carefully
designed BODIPY-based molecular rotor ligand. Yang et al.
previously accumulated a molecular rotor within mitochondria
using a cationic targeting moiety that is attracted by the
negative potential of the inner mitochondrial membrane;"?
however, targeting other organelles would have required the
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generation of different probes endowed with distinct chemical
properties to drive targeting. Such an approach risks probe-
specific sensitivity to microviscosity that prohibits direct
comparisons between multiple locations. By contrast, ROVI
permits the targeting of identical fluorophore-protein con-
jugates to each organelle through the use of cleavable targeting
motifs. This efficiently excludes any potential confounding
effects from adjoining targeting motifs. Our computational
study rigorously predicted the effect of increasing micro-
viscosity on the HaloTag-bound ligand excited-state dynamics.
The wide dynamic range of measurement afforded by
BODIPY-HaloTag uncovered more than a 9-fold variation in
microviscosity between cellular compartments, emphasizing the
profound difference between the organellar environments.

Most strikingly, the mitochondrial matrix displayed a
distinctly high microviscosity compared with other compart-
ments analyzed (Figure 3i). It is tempting to speculate as to the
importance of this feature for mitochondrial function, especially
in light of the apparent heterogeneity between the individual
mitochondria of a cell (Figure Sa—d) and the drop in matrix
microviscosity observed upon mitochondrial depolarization
(Figure Se—h). A large number of studies report functional
heterogeneity among mitochondria within a single cell.*** As
such, it will be prudent to combine ROVI analysis with
additional assays that report on the various functionalities of the
mitochondria to explore potential relationships with micro-
viscosity in future studies.

Historically, the study of microviscosity in the context of
biology has relied heavily on reductionist biochemical
approaches. We believe that ROVI provides an important
nanoscale tool for understanding how the compartmentaliza-
tion and dynamics of biophysical properties in distinct
organelles dictate the outcome of a wide range of processes,
such as protein folding, enzymology, and metabolism in both
physiological and pathological settings.

METHODS/EXPERIMENTAL

Simulations. The structure of the HaloTag protein was retrieved
from the protein data bank (4KAF). The protein was modeled using
CHARMM36 parameters and solvated in TIP4P water. The BODIPY
rotor was modeled using CHARMM CgenFF parameters and
covalently attached to the HaloTag residue Asp106 via an alkyl-PEG
linker. The haloalkane BODIPY ligand in isolation and the BODIPY-
HaloTag assembly were set up for two sets of independent MD
simulations. Simulations were performed using Gromacs-5.1.4. The
systems were minimized and using steepest descent for 10,000 steps,
followed by 1 ns of equilibration in the NpT ensemble. Heavy atoms
were restrained with a harmonic potential of 1000 k] nm™ during the
course of equilibration. Bonds to hydrogen were constrained using the
LINCS procedure. The simulation time step was 1 fs. Temperature
was kept constant at 310.15 K using a velocity rescale thermostat.
Pressure was maintained at 1 bar using a Berendsen barostat.
Electrostatics were described using the particle mesh Ewald procedure
with a nonbonded cutoff at 1.2 nm. Following equilibration, position
restraints were removed, and production simulations were conducted
in triplicate with randomized starting velocities. Simulations were
conducted at concentrations of 0%, 30%, 40%, 50%, 60%, 70%, 75%,
80%, 85%, 90%, 95%, and 100% (v/v) of glycerol and water.
Viscosities were calibrated using nonequilibrium simulations with a
cosine-shaped acceleration field added to the simulation box. The
viscosities of modeled solvents are about 50% of experimentally
observed values. Temperature dependence and the general trends are
well conserved within the models. As the viscosity range relevant to
these experiments span multiple orders of magnitude, a deviation of
50% is acceptable. To obtain the velocity of orientation change, the
orientation of the BODIPY rotor was determined by calculating the
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vector connecting the phenyl ring with the annealed three-ring system.
Subsequently, all angles between the orientation of two adjacent steps
were calculated. The inverse of the 80th percentile of this distribution
was correlated well with fluorescence life times.

Synthesis and Characterization of BODIPY-HaloTag Ligand.
HaloTag Amine (O2) ligand (Figure Slc) was purchased from
Promega Corporation. BODIPY-NHS (Figure S1b) was synthesized as
published previously.** All solvents (spectroscopic grade) and
chemicals were purchased from Sigma-Aldrich.

HaloTag Amine (O2) ligand was dissolved in anhydrous DMSO
(0.5 mg in 100 uL). A stock solution of BODIPY-NHS was freshly
prepared in anhydrous DMSO solution. Constantly stirring at room
temperature, DIPEA was added to the solution containing HaloTag
ligand to a final concentration of 39.15 mM. Next, NHS-BODIPY was
added from the stock solution to a final concentration of 4.35 mM.
The reaction mixture consisted of a 3:1 molar ratio of HaloTag ligand
to NHS-BODIPY. The reaction mixture was covered in foil and stirred
at room temperature for 16 h to enable conjugation. The reaction was
quenched with excess glycine.

Mass spectra were carried out using electrospray ionization (ESI)
using Waters LCT Premier (ES-ToF)/Acquity i-Class instrument,
confirming the formation of BODIPY-HaloTag ligand conjugates: MS
(ES-Positive) for C,gH3gN;O,CIF,115: calculated [M + HJ,
576.2612; found [M + H]* 576.2615.

Protein Expression and Purification from Bacteria. HaloTag
bacterial expression construct was generated by PCR-amplification of
N-terminally Hé-tagged HaloTag cDNA from HaloTag CMV-neo
Vector (Promega, USA) into Ndel-Sacl sites of pET30a to produce
pET30a-HaloTag. One L cultures of BL21 Escherichia coli transformed
with pET30a-HaloTag were induced with 1 mM IPTG at an optical
density of 0.6 at 600 nm and were grown for a further 6 h before
harvesting by centrifugation. Cell pellets were lysed in nitrilotriacetic
acid (NTA) lysis buffer (50 mM Tris-HCl, pH 7.5, 500 mM NaCl,
0.2% Triton X-100, 10% glycerol, 20 mM imidazole supplemented
with 0.2 mM PMSF and complete EDTA-free protease inhibitor
cocktail (Roche, US)) by high-pressure homogenization using an
EmulsiFlex-C3 (AVESTIN, Canada). Lysate was cleared by
centrifugation at 20,000 g for 30 min before incubation with 1 mL
Ni-NTA beads (QIAGEN) for 2 h at 4 °C. Beads were washed five
times with 20 mL NTA lysis buffer supplemented with 30 mM
imidazole. HaloTag was eluted in NTA lysis buffer lacking Triton X-
100 and supplemented with 500 mM imidazole and dialyzed into
HKM buffer (150 mM KCl, 50 mM Hepes, pH 7.5, and 10 mM
MgCl,). 222 uM HaloTag protein was incubated with 414 uM
haloalkane BOPIDY ligand for 16 h to generate BODIPY-HaloTag.
Free ligand was separated from BODIPY-HaloTag by gel filtration
using a Centri Pure P2 Zetadex column (Generon, Berks, UK).

Mammalian Cell Culture and HaloTag Transfection. COS7
cells (Sigma-Aldrich, UK) were cultured in Dulbecco’s modified
Eagle’s medium with 4500 mg/L glucose (Sigma—Aldrich, UK)
supplemented with 10% fetal calf serum. The coding sequence of
H6-HaloTag was amplified by PCR to incorporate a C-terminal KDEL
ER retrieval sequence. This product was inserted into a pFLAG-CMV1
vector downstream of sequence encoding the 15 N-terminal amino
acids of mouse preprotrypsin that constitute its cleavable ER targeting
signal peptide. Untargeted HaloTag construct was generated by
deletion of the ER signal peptide sequence by site-directed
mutagenesis PCR. The coding sequence of HaloTag-KDEL was
amplified by PCR and inserted in place of the HyPer coding sequence
in pHyPer-dMito (Evrogen, Russia) by Gibson assembly, downstream
of sequence encoding duplicates of the mitochondrial targeting
sequence of human cytochrome c oxidase 8A. Transfections were
performed using the Neon Transfection System (Invitrogen, Paisley,
UK) applying 1.5 pg of HaloTag mammalian expression vector to 3 X
10° cells, 48 h prior to imaging. An expression vector encoding human
protein disulfide isomerase (PDI) fused upstream of mCherry was
described previously.*'

Image Acquisition and Analysis. Confocal images were acquired
using a Zeiss 780 confocal microscope. Time-resolved fluorescence
decays were collected using time-correlated single-photon counting
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(TCSPC) technique. A mode-locked femtosecond Ti:sapphire laser
(Coherent, Chameleon Vision II) tunable over the 680—1080 nm
range (140 fs pulse duration, 80 MHz) was used as an excitation
source. Fluorescence lifetime imaging microscopy (FLIM) was
performed using a confocal laser scanning microscope (Leica, SPS
II) with the Ti:sapphire laser in two-photon excitation mode operated
at 880 nm. Short-pass filters of 700 or 715 nm were used. A PMC-100-
1 photomultiplier tube (Hamamatsu) and an SPC-830 single-photon
counting card (Becker-Hickl) were used for data acquisition.
Fluorescence was collected between 500 and 580 nm. The image
acquisition time was usually between 180 and 300 s. Samples were
placed in chamber slides (LabTekIl Chamber Coverglass) mounted in
a microscope chamber heated by a circulating thermostat with
feedback control of temperature and 0.2 °C precision (Lauda GmbH,
E200). The IRF was obtained by measuring SHG signal from urea
crystals on a glass cover slide.

Multiexponential fitting was done in SPCI software (Becker-Hickl)
using the nonlinear least-squares method and reconvolution algorithm
for finding the best fit. Goodness of fit was judged by the »” value and
randomness of residuals. Decay models of fluorescence for all
conjugated dyes were judged to be biexponential and followed the
equation:

0= exp()

i=1

where I is fluorescence intensity, ¢ is time, and ; is the amplitude, and
7; is the fluorescence lifetime of the n exponentially decaying
components. Mean fluorescence lifetime was calculated according to
the equation:

_ Z aiTiZ

T =
"~ Tag

Data were further processed with OriginPro 8.6. Distributions of
fluorescence lifetime were fitted using unimodal or bimodal Gaussian
curves, from which the mean values were extracted.

Calibrations in Solvents. Water-glycerol mixtures at 10 °C, 20
°C, 30 °C, and 37 °C were used for the calibration of BODIPY-
HaloTag protein fluorescence lifetime at viscosities between 1.8 and
3800 cP; published empirically determined formula were used to
calculate viscosity values of glycerol,** 6 kDa PEG," 20 kDa PEG,**
and sucrose.” Time-resolved fluorescence measurements were used to
produce lifetime/viscosity calibrations of these mixtures as described
above.

The lifetime/viscosity calibration plot of BODIPY-HaloTag protein
in water-glycerol mixtures was fitted using the Forster—Hoffmann
model."" The empirically derived equation for the relationship
between fluorescence lifetime of BODIPY-HaloTag and solvent
viscosity was used to determine values of viscosity in the cellular
environment. The equation is as follows:

log(z) — 3.076

log(n) = o188

PEG standards of molecular mass 6 kDa and 20 kDa (Sigma-
Aldrich) were dissolved at concentrations of 10—40% w/w and
measured in chamber slides via FLIM for evaluating the response of
BODIPY-HaloTag to macromolecular crowding. Lysate was prepared
by washing approximately 3 X 107 COS7 cells in PBS prior to
harvesting in PBS containing 1 mM EDTA to remove cells from
culture dishes. Cells were pelleted by centrifugation at 300 g for 5 min,
before addition of an equal volume of lysis buffer (Buffer L: 140 mM
KC], 10 mM NaCl, 0.5 mM MgCl,, 1.2 mM CaCl,, 20 mM TRIS pH
7.5, 50% w/v glycerol) supplemented with EDTA-free protease
inhibitor cocktail (Roche) and 1 mM PMSF. Cell debris was removed
by centrifugation at 16,100 g for 15 min, and cleared lysate was
dialyzed against buffer L using a 5000 Da cutoff membrane to remove
cell-derived small solute molecules. Protein content was determined by
Bradford assay calibrated with bovine serum albumin.
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Live Cell Imaging. For fluorescence imaging cells were plated on
an 8-well chamber slides (LabTekII Chamber Coverglass) in 300 uL of
culture media at a plating density of 20,000 cells per well and allowed
to grow to confluence for 24 h prior to imaging. Immediately before
imaging, cells were incubated with 100 nM of haloalkane BODIPY
ligand for 1 h, followed by 3 washing cycles with 0.5 mL DMEM. The
mitochondrial matrix stain MitoTracker Deep Red FM (Invitrogen,
ThermoFisher) was incubated with cells at S0 nM for 20 min prior to
3 washing cycles in DMEM and subsequent image acquisition. Cells
cultured in DMEM were exposed to hypotonic shock by addition of an
equal volume of salt-free HANKS buffer (140 mM NaCl, 2.5 mM KCl,
0.5 mM MgCl,, 1.2 mM CaCl,, S mM glucose, 10 mM HEPES pH
7.5) and incubation for 10 min prior to image acquisition. Hypertonic
shock was induced by addition 1.33 volumes of salt-free HANKS
supplemented with 500 mM NaCl to cells in hypotonic buffer
conditions. Cells were incubated for a further 5 min prior to image
acquisition.

Statistics. Where appropriate, data were analyzed using unpaired
Student’s ¢ test, paired t test, or analysis of variance (ANOVA) with a
Bonferroni post hoc correction test using Prism software (Graphpad
software, USA).
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