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Abstract
Viscosity sensitive fluorophores termed ‘molecular rotors’ represent a convenient and quantitative
tool formeasuring intracellular viscosity via Fluorescence Lifetime ImagingMicroscopy (FLIM).We
compare the FLIMperformance of twoBODIPY-basedmolecular rotors bound toHaloTag protein
expressed in different subcellular locations.While both rotors are able to penetrate live cells and
specifically label the desired intracellular location, we found that the rotor with a longerHaloTag
protein recognitionmotif was significantly affected by photo-induced damagewhen bound to the
HaloTag protein, while the other dye showed no changes upon irradiation.Molecular dynamics
modelling indicates that the irradiation-induced electron transfer between the BODIPYmoiety and
theHaloTag protein is a plausible explanation for these photostability issues. Our results demonstrate
that binding to the targeted proteinmay significantly alter the photophysical behaviour of a
fluorescent probe and therefore its thorough characterisation in the protein bound form is essential
prior to any in vitro and in cellulo applications.

1. Introduction

Within the complex and crowded intracellular milieu,
microscopic viscosity (microviscosity) is a key deter-
minant of diffusion and is predicted to influencemany
biological processes, including enzyme-driven meta-
bolism and protein folding [1]. As such, there has been
a surge in recent efforts to develop microviscosity
sensors for the intracellular environment. Researchers
have utilised a group of small molecules termed
molecular rotors, which possess specific microviscos-
ity sensitive fluorescent properties [2–4]. The proper-
ties of rotors can be calibrated in carefully chosen
systems of varied viscosity outside the cell. Further-
more, ratiometric and fluorescence lifetime-based
molecular rotors show signals that are independent of
the probe’s concentration and, therefore, can be used
for quantitative viscosity measurements. Hence,

fluorescence lifetime imaging (FLIM) or ratiometric
fluorescence microscopy can be performed in live
biological systems, where the concentration of the
probe is unknown, in order to extract quantitative and
spatially resolved information about the microviscos-
ity of the probe’s environment. Several molecular
rotors used passive organelle localization [5–9] or
genetic targeting [10, 11] to create maps of viscosity
distribution within cellular organelles. These efforts
have revealed that intracellular microviscosity varies
greatly between distinct subcellular compart-
ments [12].

Among the variety of molecular rotors, boron-
dipyrromethene (BODIPY) based rotors are popular
for viscosity studies in live cells [9, 12–15]. The advan-
tages of BODIPY-based rotors include mono-expo-
nential time-resolved fluorescence decays in
homogeneous media, a large dynamic range of
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fluorescence lifetimes in the cell-relevant viscosity
range [13], temperature-independent photophysics
[16] and permeability across cell membranes [13].
Targeting of BODIPY-based rotors into a desired
intracellular location for real-time microviscosity
determination may be achieved by rational probe
design or by genetic targeting. Genetic targeting has
gained popularity in the past years, as it enables
directly comparable, organelle specific microviscosity
measurements, revealing biophysical differences
between cellular compartments [10–12]. However,
genetic targeting relies on establishing a covalent link
between the probe and the targeted protein, which in
the case ofmolecular rotorsmay induce changes to the
probe’s photophysics. The increased complexity of the
protein-probe system requires careful characterisation
in vitro and in cellulo.

We have recently reported a HaloTag BODIPY-
basedmolecular rotor useful for fluorescence lifetime-
based (FLIM-based) measurements of intracellular
viscosity in the ER, mitochondria and cellular cyto-
plasm [12]. In an effort to expand the range of rotors
available, we have now synthesised a new BODIPY
derivative for cellular targeting, which possesses a
longer haloalkane chain for targeting the active site
channel ofHaloTag protein. Our rationale was that the
altered accessibility of the rotor to the intracellular
milieu can result in an altered viscosity response, e.g. a
different dynamic range for our measurements.
Instead, we found that the change in the linker’s length
is detrimental to the probe’s photostability. This
manuscript details our investigations into the photo-
stability of these targeted rotor derivatives.

2. Results

2.1. The design and synthesis ofmolecular rotor-
HaloTag ligands
In order to direct molecular rotors into specific
environments within living cells, the HaloTag protein
tag systemwas chosen, which uses genetically encoded
HaloTag proteins designed to covalently bind to

synthetic haloalkane ligands [17]. In addition to
proprietary fluorescent HaloTag ligands, reactive lin-
kers are commercially available and can be used to
covalently link the HaloTag enzymatic substrate to
fluorescent dyes, in our case a BODIPY molecular
rotor. Under general physiological conditions, a
covalent bond forms between the HaloTag fusion
protein and HaloTag ligand’s reactive linker at amino
acid D106. Transfecting cells with a HaloTag expres-
sion vector and treating them with a HaloTag ligand
results in the accumulation of the probe with cytosolic
distribution in transfected cells. In addition, we used
constructs that allowed us to direct the probe into
specific subcellular compartments [12]. The principle
behind the genetic targeting of molecular rotor-
HaloTag ligands into specific cellular compartments is
explained in figure 1. The ligands used in the study
were designed in such a way that the molecular rotor
moiety protrudes from the active site channel of the
HaloTag protein, in order to probe the microviscosity
of the surroundingmicroenvironment.

Two haloalkane conjugates of BODIPY were
explored as molecular rotors for microviscosity
sensing (figure 2), generated by reacting an
N-hydroxysuccinimide (NHS) ester of BODIPY with
commercially available HaloTag substrate linkers
(figure S1 is available online at stacks.iop.org/MAF/
7/044004/mmedia). Linkers differed in length by 2
PEG units (approximately 5.6 Å) [18], altering the
eventual position of the BODIPY head group in rela-
tion to the HaloTag protein active site tunnel upon
binding (figure 3, and supplementary movies 1–2).
Herein these ligands are referred to as 1 and 2
(figure 2). With a longer linker, we hypothesised that
the molecular rotor moiety would be located further
away from the protein’s surface, and therefore could
potentially be less affected by the local environment
e.g. non-covalent interactions with amino acids of the
HaloTag protein or with its surface-associated water.
Hence, different lengths of a HaloTag-targeting chain
may result in a different dynamic range of sensitivity of
BODIPY’s fluorescence lifetimes to the microviscosity

Figure 1. Schematic diagramof the genetic targeting ofmolecular rotor-HaloTag ligands into specific subcellular compartments. In
this image, DNA represents theHaloTag expression construct instructing the cell to expressHaloTag protein in the organelle of
choice. The cells expressingHaloTag protein are then incubatedwithHaloTag ligand (in this study a conjugate of aHaloTag ligand
and amolecular rotor BODIPY). Themolecular rotor-HaloTag ligand internalises and binds into the active site channel ofHaloTag
protein.
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of their environment. In potential future applications,
the variation in dynamic ranges of lifetime responses
in such rotors may be useful for more precise micro-
viscosity imaging, responding to a particular range of
microviscosity in different organelles of interest,
which can showwide variations inmicroviscosity [12].

To test the feasibility of using these protein-bound
probes in cells, molecular dynamics (MD) simulations
were first run to explore the effect of linker length on
BODIPY head group rotation in simple small solute
solutions of known microviscosity (figure 3). The
longer linker of probe 1 afforded the BODIPY head
group a broader range of potential interactions on the
HaloTag protein surface and resulted in marginally
lower rotational dynamics compared with 2 (figure 3,
supplementarymovies 1–2).

2.2. In vitro characterisation of viscosity sensitivity
of BODIPY-HaloTag ligands
In order to provide a quantitative measurement of
viscosity using a molecular rotor, it is necessary to
perform a calibration measurement of fluorescence
lifetimes of the probe in simple mixtures of solvents
(e.g. glycerol and water) with known viscosity values.
Conventionally, the calibration data for molecular
rotors can be fitted using the Förster-Hoffmann
equation, which assumes the power law dependence of
the fluorescence parameter (quantum yield, fluores-
cence lifetime or a ratio) on viscosity [19]. The log(τ)
versus log(η) plot should yield a straight line. This
means that the viscosity measurement becomes less
sensitive at higher viscosities, i.e. a smaller change in
lifetime corresponds to a large change in viscosity.

Figure 2.Molecular structures of the twoBODIPY-HaloTag ligands.

Figure 3.Computationalmodels showing the anchoring of BODIPY-HaloTag ligands 1 (A) and 2 (B) toD106 in the channel of
HaloTag protein. The contactmap of the protein surface residues with BODIPY is shown in red, with brighter colour corresponding
tomore frequent contact, revealed duringmolecular dynamics simulations. It is apparent that the longer linker in 1 interacts with a
broader range of residues on theHaloTag protein surface, whereas the short linker in 2 confines the rotor to amore restricted area.
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To create a calibration system with properties
matching the in cellulo measurement system, it was
important to calibrate protein-bound ligands (herein
referred to as BODIPY-HaloTag 1 and 2), rather than
simply calibrating the unbound ligands. For this rea-
son, we purified HaloTag protein and incubated it
with 1 and 2 to create protein-bound systems for
in vitro calibration purposes.

Water-glycerol mixtures of different viscosities
were previously used for the calibration of BODIPY-
HaloTag 2 [12]; here we compare these results to the
water-glycerol calibration of BODIPY-HaloTag 1. The
fluorescence decays of the protein-bound ligands were
recorded as a function of solvent viscosity at a fixed
temperature. In both cases the decay constants became
longer with increasing viscosity, confirming the visc-
osity-sensing ability of BODIPY-HaloTag 1 and 2
(figure S2). The decays were non mono-exponential
even in this relatively simple system of water-glycerol
mixtures, consistent with previously reported data for
BODIPY-HaloTag 2, and were best fitted with a bi-
exponential model. The linear relationship between
log(τ) and log(η) at higher glycerol concentrations
argues strongly against aberrant effects of glycerol on
the folded state of HaloTag. The measurements were
repeated at variable temperature (10 °C–40 °C) to test
the sensitivity of the rotor responses to the environ-
mental temperature, which may be important for the
cellular viscosity measurements, often performed at
physiological temperature of 37 °C.

The average lifetime-viscosity calibration plots of
BODIPY-HaloTag 1 and 2 in water-glycerol mixtures
are shown in figures 4(A) and (B), respectively. Both
exhibit a relatively similar response of fluorescence
lifetime to viscosity and the overlap of calibration
curves at different temperatures rules out any sig-
nificant temperature sensitivity of the probes. In cali-
bration mixtures of viscosities ranging between ca
1–7000 cP, the dynamic range of the average fluores-
cence lifetime of both ligands is ca 1–5.7 ns

(figures 4(A) and (B)). These calibration curves can be
contrasted to the calibration plot of free BODIPY-C10

(figure 4(C), molecular structure shown in figure
S1(C)). From this comparison it is clear that the pro-
tein-bound probes have a narrower dynamic range
compared to the free probe. The main difference
appears at the lower limit of viscosity/lifetime, as the
fluorescence lifetimes of protein-bound 1 and 2 do not
reach below 1 ns, compared to ca 0.3 ns for the free
BODIPY-C10. We attribute this fact to the presence of
bulky HaloTag protein causing steric hindrance to the
rotors, which then cannot rotate as freely, resulting in
a higher fluorescence lifetime. These results are in line
with what was previously observed for covalently
bound molecular rotors: a reduced dynamic range of
lifetime versus viscosity calibration of BODIPY- and
cyanine-based rotors was detected upon covalent
attachment of rotors to a solid surface [20] or to var-
ious proteins undergoing amyloid assembly [14].

These data indicate that, within experimental
error of our measurements, protein-bound 1 and 2
have nearly identical dynamic ranges of lifetimes in
response to viscosity, indicating that the length of the
HaloTag binding motif does not significantly affect
their exposure to the solvent environment and the
intramolecular rotation that results. We also recorded
a minimal sensitivity of the sensors’ responses to the
environmental temperature, which makes both these
probes applicable for measurements at variable temp-
erature (i.e. between 10 °C–37 °C in live cells).

2.3. Linker length affects photostability of BODIPY-
HaloTag ligands
Having confirmed the viscosity sensitivity of BOD-
IPY-HaloTag 1 and 2 and performed lifetime-viscosity
calibration measurements, we proceeded to cell stu-
dies. We have previously reported that 2 is suitable for
imaging microviscosity in the ER, mitochondria, cell
nucleus and cell cytoplasm [12]. As expected from

Figure 4.A comparison of the lifetime-viscosity calibrations of BODIPY-HaloTag 1 (A), BODIPY-HaloTag 2 (B) and free BODIPY-
C10 (C) inwater-glycerolmixtures at different temperatures. Average fluorescence lifetime derived from the bi-exponential decays of
BODIPY-HaloTag 1 and 2 are reported (A), (B), mono-exponential fittingwas performed for BODIPY-C10 (C). A decreased dynamic
range offluorescence lifetime is apparent for protein-bound 1 and 2, compared to the free BODIPY-C10. The calibration curves
recorded at variable temperature display a high degree of overlap, demonstrating that the temperature sensitivity is relatively small in
all cases. Data shown in B andCwere reproducedwith permission from [12].
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HaloTag targeting, 1 showed a good localisation to the
ER, mitochondria, cell nucleus and cell cytoplasm
(figure 5). Surprisingly, we observed that when a
sequence of fluorescence lifetime images was recorded
from the same field of view of cells, the fluorescence
lifetime of 1 increased in each image, in the absence of
any external stimuli (figure 6). The higher the laser
power, the more significant the fluorescence lifetime
changes of BODIPY-HaloTag 1, a trend that was not
observed with BODIPY-HaloTag 2. The highest
observed photo-induced increase of fluorescence life-
time was in the range of nanoseconds, an extremely
high value considering the dynamic range of the probe.
In contrast, when 2 was tested under similar condi-
tions for possible irradiation induced effects, the
fluorescence lifetime of BODIPY-HaloTag 2 remained
stable even after 15 min of irradiation at the highest
power used (figure S3).

In all experiments, the multiphoton excitation
laser powerwas kept to aminimum in order to prevent
phototoxicity to the imaged cells and was not more
than 1–2 mW (measured at the microscope stage),
which is generally considered to be well within the

‘safe zone’ for imaging live cells using near-infrared
femtosecond irradiation [21] andwhen using standard
fluorophores such as Fluorescein or GFP, which are
not efficient at producing reactive oxygen species [22].
A gradual increase of fluorescence lifetime of BOD-
IPY-HaloTag 1 was observed even upon excitation
with low laser power (figure 7(A)), with a lifetime
increase in the range of 0.1–0.3 ns over standard ima-
ging time and conditions. Along with the corresp-
onding lifetime increase, practical use of the probe in
cells was precluded by extremely low fluorescence
intensity at such low excitation powers, resulting in
very long acquisition times, hampering the invest-
igation of fast dynamic processes.

Our previous work highlighted a range of viscosity
values detected in various cell organelles, e.g. 35 and
56 cP in the cytosol and the nucleus, and up to 325 cP
in mitochondria [12]. Given the calibration curve
takes the shape of a power law, it should be noted that a
small irradiation-induced change in lifetime can
potentially introduce a large error in determination of
viscosity in viscous organelles such as mitochondria,

Figure 5. Localisation of 1 in COS7 cells expressingHaloTag protein in the cytosol (HaloTag, left), HaloTag containing anN-terminal
signal sequence and aC-terminal KDELmotif that localised to the endoplasmic reticulum (ER-HaloTag, centre), andHaloTag
containing theN-terminalmitochondrial targeting sequence of human cytochrome oxidase 8 A that localised to themitochondrial
matrix (Mito-HaloTag, right). Images were acquired using a Zeiss LSM780 confocalmicroscope using an excitationwavelength of
488 nm. 20 μmscale bars are inset.

Figure 6.Two photon intensity (A) and FLIM (B) images of COS7 cells stainedwith ligand 1 following the irradiation of a small region
of a cell using 930 nmexcitation at 2 mW for 5 min. The irradiation of a small region (shown as awhite dashed rectangle inA) resulted
in the increase of thefluorescence lifetime of 1 in thewhole affected cell, while the surrounding cellsmaintained the original
fluorescence lifetime.
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while the values in the nucleus/cytosol will not be sig-
nificantly affected.

To investigate the role of intracellular factors on
the excitation-dependent lifetime changes of BOD-
IPY-HaloTag 1, we examined the irradiation of BOD-
IPY-HaloTag 1 isolated on Ni-NTA beads, in the
absence of intrinsic cellular milieu capable of (photo)
redox processes. We observed the same effect of irra-
diation-induced increase in fluorescence lifetime even
in the absence of cells (figure 7(B)). This indicates that
the effect was intrinsic to BODIPY-HaloTag 1 and not
due to a biophysical change in living cells induced by
laser irradiation, or redox characteristics of the cellular
environment.

Interestingly, when only a small part of the beads
with immobilised BODIPY-HaloTag 1 was irradiated,
the fluorescence lifetime had increased only in the
irradiated region (figure 8), confirming the irradia-
tion-induced photodamage of BODIPY-HaloTag 1.
Figure 8 also demonstrates significant photobleaching
caused by irradiation. In contrast, when a small region
of a cell was irradiated (as was done in figure 6), a sub-
sequent lower magnification image revealed that
fluorescence lifetime throughout the cell had
increased significantly, whilst surrounding cells were
not affected.We attribute this observation to diffusion
of the photodamaged BODIPY-HaloTag 1 throughout
the irradiated cell [23]. By contrast, such diffusion is

Figure 7. (A) Fluorescence lifetime increase in consecutive FLIM images induced by<1 mW930 nm irradiation of a COS7 cell
expressing the ER construct of BODIPY-HaloTag 1. Left: fluorescence lifetime histograms obtained upon 15 min (image 2) and
25 min total (image 3) of irradiation. Images 1 and 3 are shown on the right. (B) Fluorescence lifetime increase upon 3 mW irradiation
ofNi-NTAbeads decoratedwith BODIPY-HaloTag 1; Left: fluorescence lifetime histograms obtained upon 3 min (image 2) and
6 min total (image 3) of irradiation. Images 1 and 3 are shown on the right.

Figure 8.Two photon intensity (A) and FLIM (B) images of aNi-NTAbead decoratedwith immobilised BODIPY-HaloTag 1. The
irradiation has resulted in a significant intensity decrease (A) and an increase influorescence lifetime (B) only in the irradiated section
of the bead. The irradiated region is shown as awhite dashed rectangle in (A).
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not possible when HaloTag protein is immobilised on
a Ni-NTA bead. The effect of irradiation was remark-
able and deemed 1 extremely difficult to work with for
rigorous investigations of microviscosity changes via
fluorescence lifetime measurement, in particular in
live cells.

We performedMD simulations of BODIPY-Halo-
Tag 1 to attempt to unravel the reasons behind the
irradiation-dependent degradation of 1, which was
evidently absent in 2. The results of our simulations
are presented in supplementary videos 1 and 2 and the
prevalent rotor-amino acid contacts for both rotors
are summarised in table S1 together with percentage
contact time out of a total trajectory time of approxi-
mately 400 ns each. The excited state of the BODIPY
fluorophore is both a better oxidant and a reductant
(compared to the ground state BODIPY), by 2.48 eV
(photon energy corresponding to 500 nm). We there-
fore speculate that the irradiation-induced changes
were likely caused by electron transfer between the
excited state of our BODIPY probe and a site on the
surface of a HaloTag protein. Literature data indicates
that tryptophan and tyrosine residues are likely to
quench BODIPY excited state [24]. While our compu-
tational modelling (table S1) did not reveal any trypto-
phan or tyrosine residues that are exclusively in
contact with 1, there is a significant number of amino-
acids such as G40, Q165, N166, E170, P174, R179,
P180, L181, T182, E183, M186 and R190 including
charged amino-acids E170, R179, E183 and R190, that
are in contact with 1 but never come into contact with
2 (table S1). Reduced fluorescence lifetime of our
probe upon irradiation is consistent with a dynamic
quenching mechanism. The reduced intensity upon
irradiation points at the irreversibility of this excited
state reaction (i.e. it proceeds to products with the
removal offluorescent BODIPYmolecules).

This unexpected consequence of a slightly altered
linker length highlights the fact that photophysical
properties of any new probe have to be carefully taken
into account, before its practical applications are pos-
sible. This is especially true for studies in which a
molecular rotor is found in the close vicinity of a pro-
tein, as the local protein environment may sig-
nificantly affect the rotor’s photophysics [25]. In such
cases, careful control and calibration measurements
are required prior to quantitative studies. Based on our
data we conclude that rotor 1 with the longer linker is
unsuitable for microviscosity imaging, while rotor 2 is
an excellent candidate for intracellular viscosity map-
ping at organelle level.

3. Conclusions

Two BODIPY-based ligands were designed for mea-
suring microviscosity in cellular organelles by binding
to HaloTag proteins expressed in the subcellular
compartment of interest. Both ligands were able to

penetrate cells, specifically label the desired intracellu-
lar location, and quantitatively determine the micro-
viscosity of that particular environment via
fluorescence lifetime imagingmicroscopy (FLIM).

Although the two ligands differed only slightly in
the structure of the linker between molecular rotor
and HaloTag recognition motif, one of them was sig-
nificantly affected by photo-induced damage when
bound to the HaloTag protein, while the other dye
showed no changes upon irradiation. Excitation by
laser light resulted in a gradual increase of fluorescence
lifetime of BODIPY-HaloTag 1, whereas the fluores-
cence lifetime of BODIPY-HaloTag 2was stable under
similar imaging conditions. Irradiation-induced elec-
tron transfer between the BODIPY moiety and the
HaloTag protein was deemed as a plausible explana-
tion for the photostability issue of BODIPY-HaloTag
1. Our results demonstrate that whenmolecular rotors
are directed to organelles of interest via genetic target-
ing, it is essential to characterise the probe in the pro-
tein-bound state, both in vitro and in cellulo, since
binding to the targeted protein may significantly alter
the probe’s photophysical behaviour.

Fluorescence microscopy is the major toolbox of
cell biologists and a great number of fluorescent
probes have been developed for quantifying para-
meters of the cellular microenvironment using FLIM.
Unfortunately, the fluorescence lifetime of environ-
ment sensing fluorophores may be affected by photo-
degradation of the probe. Investigating the
photostability is essential for obtaining reliable results
with environment sensing fluorophores such as mole-
cular rotors in the complex and dynamic environment
of live cells. Careful control measurements need to be
performed to characterise microviscosity sensors
against photodegradation and potential deleterious
effects on cells, such as release of reactive oxygen spe-
cies. Only upon such scrutiny can the fluorescence
lifetime of these probes be used for quantifying physi-
cally and chemically induced dynamic changes of
microviscosity and to apply them as tools for studying
questions in biology andmedicine.

4.Methods

4.1. BODIPY-HaloTag ligand synthesis
Ligand 2 was synthesised as reported previously [12].
For the synthesis of ligand 1, O4 linker HaloTag amine
ligand (Promega, US) was dissolved in anhydrous
DMSO (0.5 mg in 100 μl). BODIPY-NHS was dis-
solved in anhydrous DMSO. DIPEA was incubated
with O4 linker HaloTag amine ligand to a final
concentration of 39.15 mM before addition of NHS-
BODIPY to a final concentration of 4.35 mM and
incubation at 25 °C for 16 h. Unreacted HaloTag
amine ligand was quenched with excess glycine.
Ligands were assessed by by ElectroSpray Ionization
mass spectrometry (figure S5).
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4.2. Protein expression and labellingwithBODIPY
ligands
HaloTag protein was expressed using a pET30a-
HaloTag plasmid reported previously [12]. Escherichia
coli transformed with pET30a-HaloTag were induced
with 1 mM IPTG at an optical density of 0.6 at 600 nm.
Cells were harvested 6 h post induction. Bacterial
pellets were lysed in 50 mM Tris-HCl, pH 7.5,
500 mM NaCl, 0.2% Triton X-100, 10% glycerol,
20 mM imidazole, 0.2 mM PMSF and cOmplete™
EDTA-free protease inhibitor cocktail (Roche, US))
using an EmulsiFlex-C3 homogeniser (AVESTIN,
Canada). Lysate was centrifuged at 20 000 g for 30 min
before addition of 1 ml Ni-NTA beads (QIAGEN) and
incubation for 2 h at 4 °C. Beads were washed five
times with 20 ml lysis buffer supplemented with
30 mM imidazole. Protein was eluted with 500 mM
imidazole in lysis buffer without Triton X-100 before
buffer exchange into HKM buffer (150 mM KCl,
50 mM HEPES, pH 7.5, and 10 mM MgCl2) by
dialysis. 222 μMHaloTag protein was incubated with
414 μM ligand 1 or 2 for 16 h to generate BODIPY-
HaloTag 1 and 2, respectively. Free ligand was
separated from BODIPY-HaloTag by gel filtration
using a Centri Pure P2 Zetadex column (Generon.
Berks, UK).

4.3. Bead functionalisation
Beads functionalised with BODIPY-HaloTag 1 were
prepared by incubating 10 μl of 50 μM purified
BODIPY-HaloTag with 10 μl of Ni-NTA beads in
500 μl of HKM buffer for 10 min at room temper-
ature. Beads were pelleted by centrifugation at 5000 g
for 1 min, supernatant containing unbound ligand 1
was removed and beads were washed twice in 1 ml of
HKM before transfer to an 8-well chamber slide
(LabTekII Chamber Coverglass) for imaging.

4.4. In vitro calibration of BODIPY-HaloTag
ligand 1
BODIPY-HaloTag 1 was calibrated in water/glycerol
mixtures as previously described for BODIPY-Halo-
Tag 2 [12]. Briefly, BODIPY-HaloTag 1was incubated
in water/glycerol mixtures at 10 °C, 20 °C, 30 °C, and
40 °C, spanning a range of viscosities between ca
1–7000 cP. Solutions were transferred to 8-well cham-
ber slides (LabTekII Chamber Coverglass) and time-
resolved fluorescence measurements were performed
to generate fluorescence lifetime/viscosity calibration
curves as described previously [12].

4.5.Mammalian cell culture andHaloTag
transfection
COS7 cells (Sigma-Aldrich, UK) were cultured in
Dulbecco’s modified Eagle’s medium with 4500 mg
l−1 glucose (Sigma-Aldrich, UK) supplemented with
10% Fetal Calf Serum. pFLAG-CMV1 HaloTag
expression vectors were described previously [12].

Transfections were carried out with a Neon Transfec-
tion System (Invitrogen, Paisley, UK). 1.5 μg of
HaloTag mammalian expression vector was mixed
with 3×105 cells prior to electroporation, 48 h prior
to imaging.

4.6. Image acquisition
Confocal images were acquired using a Zeiss 780
confocal microscope. Time-resolved fluorescence
decays were collected using time-correlated single-
photon counting (TCSPC) As described previously
[12]. BODIPY was excited using a mode-locked
femtosecond Ti:Sapphire laser (Coherent, Chameleon
Vision II) using two photon excitation at 930 nm (140
fs pulse duration, 80MHz). Fluorescence lifetime
imaging microscopy (FLIM) was performed using a
Leica, SP5 II confocal laser scanning microscope.
Fluorescence was collected between 500 and 580 nm
using a PMC-100-1 photomultiplier tube (Hama-
matsu) and an SPC-830 single-photon counting card
(Becker-Hickl). Live cell imaging was performed in
glass bottom 8-well chamber slides (NuncTM, Lab-
Tek, Thermofisher, MA. US.). Cells were seeded at
approximately 1×104 cells per 0.7 cm2 surface area
chamber. Prior to imaging, cells were labelled for
30 min with 100 nM BODIPY ligand in PBS supple-
mented with MgCl2 and CaCl2 at 37 °C prior to three
washes with PBS. Cells were imaged in FluoroBrite™
Dulbecco’s modified Eagle’s medium with
4500 mg l−1 glucose (Gibco™ Thermofisher,
MA.US.).

4.7. FLIManalysis
FLIM analysis was performed as described previously
[12]. Multi-exponential fitting was carried out using
SPCI software (Becker-Hickl) with the nonlinear least
squares method and reconvolution algorithm for
finding the best fit. χ2 value and randomness of
residuals was used to judge goodness of fit. Decay
models of fluorescence for HaloTag bound BODIPY
ligands were judged to be bi-exponential and followed
the equation

å a t= -
-

( ) ( )I t texp
i

n

i i
1

where I is fluorescence intensity, t is time, and αi are
the amplitudes and τi the fluorescence lifetimes of the
n exponentially decaying components. Mean fluores-
cence lifetime was calculated using the following
equation:

å
å

t
a t
a t

=avg
i i

i i

2

4.8.Molecular dynamics simulations
Models of the BODIPY-HaloTag 1 and 2 were
constructed based on the parameters described in our
previous work [12], with the linker of ligand 1
comprising of 3 PEG units and the linker of ligand 2
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comprising only a single PEG unit. Both systems were
solvated in approximately 11 000molecules of TIP4P-
2005 [26]water and neutralized by addition of sodium
and chlorine counter-ions to a total salt concentration
of 0.15 M. After minimization, both systems were
equilibrated in the NpT ensemble at 300 K and a
pressure of 1.0 bar. Bonds to hydrogen were con-
strained to enable a 2 fs integration time step for
simulation. Electrostatics were described using the
particle mesh Ewald procedure. Nonboned and elec-
trostatic cutoffs were set at 1.2 nm. Position restraints
for equilibration were set at 1000 kJ A−2. Subsequent
to equilibration, production simulations of 400 ns
were performed for each system and frameswere saved
every 0.5 ns for analysis. Based on the result of these
simulations, contacts between the BODIPY molecule
and the HaloTag protein were identified in each frame
usingmdmat from the GROMACS software suite [27].
For each identified contact, the amount of time it is
present during the simulation was calculated and
expressed as a percentage (table S1). The contacts were
also mapped to the surface of the HaloTag protein
(figure 3).
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