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Abstract: Self-labeling enzymes (SLE) such as the
HaloTag have emerged as powerful tools in high and
super-resolution fluorescence microscopy. Newly devel-
oped fluorogenic SLE substrates enable imaging in the
presence of excess dye. To exploit this feature for
reversible labeling, we engineered two variants of
HaloTag7 with restored dehalogenase activity. Kinetic
studies in vitro showed different turnover kinetics for
reHaloTagS (�0.006 s� 1) and reHaloTagF (�0.055 s� 1).
Imaging by confocal and stimulated emission depletion
microscopy yielded 3-5-time enhanced photostability of
reHaloTag labeling. Prominently, single molecule imag-
ing with reHaloTags enabled controlled and stable
labeling density over extended time periods. By combi-
nation with structured illumination, simultaneous visual-
ization of single molecule diffusion and organellar
dynamics was achieved. These applications highlight the
potential of reHaloTag labeling for pushing the limits of
advanced fluorescence microscopy techniques.

Introduction

Numerous recent discoveries in molecular cell biology have
been made possible by revolutionary developments in light

microscopy during the past two decades. To date, diverse
fluorescence microscopy techniques are commercially avail-
able that enable imaging with a resolution far beyond the
diffraction limit. In particular stimulated emission depletion
(STED) and single molecule localization microscopy
(SMLM) have matured into techniques that routinely
achieve spatial resolution below 40 nm.[1] Even molecular
resolution can be achieved as recently demonstrated by
several SMLM techniques[2] such as DNA point accumu-
lation for imaging in nanoscale topography (DNA-PAINT)[3]

or minimal photon flux-based techniques (MINFLUX/
MINSTED).[4] Successful application of these techniques,
however, strongly depends on fluorescence labeling. In most
cases, fluorescent proteins cannot provide the brightness
and photostability required for super-resolution imaging
below 20 nm. While labeling based on antibodies, nano-
bodies or other specific binders is readily achieved in fixed
cells, site-specific protein labeling with synthetic chromo-
phores in living cells has remained challenging. Self-labeling
enzymes (SLE) such as the SNAP-tag[5] or the HaloTag[6]

have emerged as generic tools for posttranslational
fluorescence labeling in a wide variety of organisms, which
have proven to be highly instrumental for the tremendous
progress of diverse live cell super-resolution techniques.[7]

These approaches are based on engineered enzymes, which
irreversibly react with fluorophore-conjugated substrates.
Further optimization of SLEs has been achieved by develop-
ing fluorogenic substrates, thus enabling wash-free labeling
in living cells and organisms.[8] Under these conditions,
irreversible coupling of the chromophore to the SLE is not
an absolute necessity. Rather, reversible binding would
allow continuous exchange of bleached chromophores, thus
enabling extended time-lapse imaging, as has been previ-
ously exploited for STED microcopy,[8h,9] a technique that is
severely limited by photobleaching. Likewise, elegant
SMLM techniques based on reversible binding of (fluoro-
genic) substrates have been devised, so-called PAINT
techniques.[10] Thus, reversible SLE label may open exciting
possibilities for long-term time-lapse super-resolution imag-
ing in living cells.

Here, we report reversible labeling based on the
HaloTag7,[6] for which highly reactive and fluorogenic
substrates have been developed.[8c, e, f, 11] The HaloTag is
based on the dehalogenase DhaA from Rhodococcus sp.
that was engineered to react irreversibly with derivatives of
1-chlorohexane (HaloTag ligand, HTL).[6] To enable dissoci-
ation of the HaloTag ligand (HTL), we restored the
HaloTag’s dehalogenase function by reverting previous
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mutations in the catalytic site (Figure 1A, B). We generated
two HaloTag variants, reHaloTagS and reHaloTagF, which
reversibly bind fluorescent HTL derivatives with turnover
kinetics in the seconds-to-minutes regime. We demonstrate
the application of reHaloTag labeling to achieve prolonged
time-lapse imaging by diverse advanced and super-resolu-
tion microscopy techniques with features that are particu-
larly powerful for single molecule tracking and localization
microscopy (TALM).

Results and Discussion

Efficient, yet reversible binding of HaloTag ligands to reHaloTag
variants

The HaloTag was engineered to irreversibly bind a synthetic
chloroalkane substrate, the HaloTag ligand (HTL), forming
an ester with a nucleophilic Asp residue at position 106
(Figure 1A).[6] To achieve reversible HTL binding, we
restored the dehalogenase activity by mutating Asn272 of
HaloTag7 into His, which catalyzes the hydrolysis of the
ester formed by Asp106 and the substrate (Halo-

Tag7N272H, “reHaloTagS”). In a second variant, we
combined this mutation with restoring the adjacent Leu273
back into a Tyr (HaloTag7N272H/L273Y, “reHaloTagF”).
In the active dehalogenase, Tyr273 directly contacts His272,
and therefore may be important for its proper positioning.
We assumed that these reversible binding HaloTag (reHalo-
Tag) variants would allow exchange of photobleached dye
by promoting hydrolysis of the ester bond (Figure 1B) and
thus enable prolonged time-lapse imaging.

For proof-of-concept experiments, we tested labeling of
different HaloTag variants in fixed cells. To validate labeling
specificity, the translocase in the outer mitochondrial
membrane (OMM) subunit Tom20, fused to mEGFP and
the different versions of the HaloTag was used as a target.
These variants were stably expressed in HeLa cells, fixed
with paraformaldehyde and then imaged by confocal laser
scanning microscopy (cLSM) in the presence of the fluoro-
genic substrate HTL-MaP555. Similar signal intensities for
all three variants perfectly overlaying with the GFP channel
were obtained, highlighting that the mutations did not
compromise the HaloTag’s ability to react with the substrate
(Figure 1C). Upon washing out the substrate, labeling of
Tom20-mEGFP-HaloTag remained at a largely identical
level as before. By contrast, the signal in the MaP555
channel was almost entirely gone in cells expressing Tom20
fused to reHaloTagS and reHaloTagF, respectively (Fig-
ure 1C), with�5% intensity remaining. Very similar behav-
ior was observed in living cells, confirming efficient, yet
reversible labeling by the engineered reHaloTag variants
(Supplementary Figure S1A).

We further explored the capabilities of the reHaloTag
variants by sequential labeling with two different fluorogenic
substrates (HTL-MaP555 and HTL-MaP618). To this end,
fixed HeLa cells expressing Tom20-mEGFP fused to one of
the different HaloTag variants were first stained with
200 nM HTL-MaP555. After the initial frame, 800 nM HTL-
MaP618 was added to the microscopy chamber. For the
HaloTag7, only a slight fluorescence increase in the MaP618
channel was observed, which was largely at the level of
unspecific background (Supplementary Figure S1B). In turn,
the MaP555 signal remained almost unchanged with a
decrease largely caused by photobleaching. In contrast,
efficient exchange of HTL-MaP555 by HTL-MaP618 was
observed for the reHaloTags (Supplementary Figure S1).
Interestingly, we could see that this exchange was substan-
tially faster for reHaloTagF as compared to reHaloTagS.
Thus, these experiments not only confirmed reversible
labeling but also suggested different turnover kinetics of the
reHaloTag variants.

Differential exchange kinetics of reHaloTagS and reHaloTagF

We therefore quantified the substrate exchange kinetics of
the reHaloTag proteins more precisely by fluorescence
recovery after photobleaching (FRAP). These experiments
were carried out using the same HeLa cell lines stably
expressing Tom20-mEGFP fused to one of the three differ-
ent HaloTag variants. After fixation, FRAP experiments

Figure 1. Reversible labeling of retro-engineered HaloTag variants.
(A) Overlay of the HaloTag with the substrate HTL-TMR (blue)
covalently bound to D106 (green) and the original dehalogenase DhaA
(pdb: 6U32 and 1BN7, respectively). In addition, the side chains of the
catalytic H272 (magenta) and the adjacent Y273 (orange) restored in
the reHaloTags are shown. All numbers refer to the HaloTag7
sequence. (B) Concept of reversible labeling exploiting catalytically
active reHaloTags. (C) Reversible labeling of mEGFP-Tom20 fused to
different variants of the HaloTag. HeLa cells stably transfected with
these constructs were fixed and imaged in presence of 250 nM HTL-
MaP555 (magenta) with the GFP signal as a control (green). Cells were
additionally imaged after washing out the substrate. Scale bar: 20 μm.
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were carried out in the presence of 250 nM HTL-MaP555.
As expected, significant FRAP was observed only for the
reHaloTags, but not for HaloTag7 (Figure 2A). FRAP
curves for reHaloTagS and reHaloTagF, however, con-
firmed very different exchange kinetics (Figure 2B) with
rate constants kex= (5.7�0.1)×10� 3 s� 1 and kex= (55�18)×
10� 3 s� 1, respectively. Surprisingly, the exchange rate con-
stants did hardly change upon increasing the temperature
from room temperature (�25 °C) to 37 °C (Figure 2B and
Table 1).

The reaction cycle of dehalogenases has been described
by a 4-step kinetic model[12] with the rate constants k1 and k2
determining substrate association and ester bond formation,
respectively, and the rate constants k3 and k4 determining
ester hydrolysis and product dissociation (cf. Figure 1B).
Given the high rate constants of fluorescent HTL substrates
reacting with HaloTag7,[13] we expect the exchange kinetics
to be limited by k3 and/or k4 at the high substrate
concentrations used during the FRAP experiments. To
independently verify this assumption and to quantify the
kinetics more reliably, we probed the reaction of fluorogenic
substrates with immobilized reHaloTag by simultaneous
total internal reflection fluorescence spectroscopy and

reflectance interferometry (TIRFS-RIf) in a flow through
system.[14] For this purpose, recombinant HaloTag and
reHaloTag proteins fused to a His-tag were immobilized
onto a transducer slide functionalized with tris-NTA.[15]

Upon injection of HTL-JF549, rapid binding to all variants
was observed reaching similar binding levels with rather
similar kinetics (Figure 2C and Supplementary Figure S3)
with an overall mean on-rate constant kon of �1.7×
106 M� 1 s� 1 (Table 1). Upon washing out the substrate,
however, very different dissociation kinetics were observed:
while the fluorescence remained constant for HaloTag7,
complete decay was observed for the reHaloTag proteins
with apparent dissociation rate constants koff= (4.9�0.4)×
10� 3 s� 1 for reHaloTagS and koff= (73�3)×10

� 3 s� 1 for
reHaloTagF. These numbers are very much in line with the
rate constants observed in FRAP experiments, confirming
the �10-fold different turnover kinetics of reHaloTagS and
reHaloTagF. While we anticipate that the exchange kinetics
is largely determined by the rate constant of ester hydrolysis
(k3, cf. Figure 1B), we cannot rule out that also dissociation
of the products from the binding pocket (k4) may be rate
limiting.[12b] The L273Y mutation of reHaloTagF may affect
either or both, catalytic activity and binding of the product.

Figure 2. Differential exchange kinetics of reHaloTag variants. (A) Exchange kinetics probed by FRAP at room temperature: HeLa cells stably
expressing Tom20 fused to different HaloTag variant were fixed and imaged in the presence of 250 nM HTL-MaP555, followed by FRAP in a circular
ROI (outlined by the dotted lines and enlarged in the insets). Scale bar: 5 μm (inset: 1 μm). (B) Comparison of the recovery kinetics for reHaloTagS
and reHaloTagF at different temperatures. (C) In vitro kinetics of HTL-JF549 reacting with immobilized HaloTag variants (HaloTag7, black;
reHaloTagS, red; reHaloTagF, blue) monitored by TIRF spectroscopy. The grey bar marks the injection period. Curves were normalized to the
equilibrium intensity reached during injection. (D) Orthogonal dual-color labeling of HaloTag and reHaloTagF in living cells. HeLa cells stably
expressing Tom20-mEGFP-reHaloTagF were transiently transfected with HaloTag7 fused to a transmembrane domain targeted to the plasma
membrane and sequentially labeled with HTL-JFX549 and HTL-JFX646. Scale bar: 20 μm (inset: 2 μm).

Table 1: Enzymatic rate constants observed for different HaloTag variants.

Variant kon (k1, k2)
[a]

[106 M� 1s� 1]
koff (k3, k4)

[a]

[10� 3 s� 1]
Keq

[b]

[nM]
kex (RT)

[c]

[10� 3 s� 1]
kex (37 °C)[c]

[10� 3 s� 1]

HaloTag7 1.8�0.6 – – – –
reHaloTagS 2.4�0.2 4.9�0.4 2.1�0.3 5.7�0.1 8.1�0.1
reHaloTagF 1.1�0.2 73�3 66�7 55�18 67�26

[a] From TIRFS binding assays. [b] Calculated from koff/kon. [c] From FRAP experiments in fixed cells.
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Dual-color labeling by combining reversible and irreversible
HaloTags

Reversible and irreversible reaction with different HaloTag
variants opens the possibility for orthogonal dual-color
labeling of two different proteins. To test this opportunity,
HeLa cells stably expressing Tom20-mEGFP-reHaloTagF
were transiently transfected with HaloTag7 fused to a
transmembrane domain targeted to the plasma membrane
(HaloTag-TMD) to ensure a clearly distinguishable subcel-
lular localization.

To achieve orthogonality, live cells were sequentially
incubated with 50 nM HTL-JFX549, washed and then
imaged in the presence of 200 nM HTL-JFX646. While in
the first step both HaloTag variants were labeled with HTL-
JFX549, only HaloTag7 remained labeled after washout
(Supplementary Figure S2). Thus, orthogonal labeling of
reHaloTagF and HaloTag7 was observed when adding
HTL-JFX646 in the last step of the labeling procedure
(Figure 2D).

reHaloTags increase the apparent photostability in confocal and
STED microscopy

Having generated reHaloTag variants capable to exchange
fluorophores in the seconds-to-minutes time regimes, we
further explored their capabilities in time-lapse imaging by
high- and super-resolution confocal microscopy techniques.
In Figure S4A, live cell time-lapse confocal imaging of
Tom20 tagged with different HaloTag variants over the time
course of 20 min at a time resolution of 10 s is compared (cf.
Supplementary Movie S1). Experiments were performed in
the presence of HTL-MaP555 and at a constant excitation
power that ensured significant photobleaching while avoid-
ing photostress for the cells. Strikingly, substantially reduced
photobleaching was observed for the reHaloTag variants as
compared to HaloTag7, with the reHaloTagF outperforming
the reHaloTagS. Overall, a >5-fold enhanced apparent
photostability of reHaloTagF compared to HaloTag7 was
estimated based on mono-exponential fitting of the decay
curves (Figure 3A, Figure S4A and Supporting Information

Table S1). The substantial loss of fluorescence even in the
case of freely exchangeable substrate, however, implicates
that photobleaching of the dye can lead to photodamage of
the reHaloTag’s enzymatic function.

Similar performance of reHaloTag labeling was observed
in STED microscopy experiments. As STED super-resolu-
tion is based on spatially controlled reversible de-excitation
of fluorophores at very strong light intensities, typically
organic dyes with high quantum yield and utmost photo-
stability are required. Although high-performance dyes are
available, time-lapse STED of living cells at low signal levels
is still limited by photobleaching and, therefore, remains
challenging.[16] We therefore compared imaging of Tom20
fused to different HaloTag variants in live HeLa cells by
STED microscopy. Under these conditions, the OMM in all
three Tom20-mEGFP-HaloTag variants could be nicely
resolved (Figure 3B and Supplementary Movie S2). Time-
lapse STED imaging with a 1 min time interval yielded
strong decrease in fluorescence intensities for the HaloTag7,
and only a mild improvement was observed for reHaloTagS
(Figure 3B, C). By contrast, labeling via reHaloTagF consid-
erably reduced photobleaching. Given a multiexponential
photobleaching kinetics observed in these experiments
(Supporting Information Table S2), only semi-quantitative
comparison was possible. Overall, confocal and STED
imaging results highlight that at these relatively fast time-
lapse imaging conditions, faster exchange rates of the
reHaloTagF are beneficial to minimize photobleaching
resulting in a prolonged STED imaging and the important
possibility to use higher frame rates.

Prolonged tracking and localization microscopy with stable
molecule density

We have previously introduced single molecule tracking and
localization microscopy (TALM) as a powerful approach to
visualize and quantify the morphology and dynamics of
organellar microcompartments.[17] This approach is often
based on substoichiometric labeling and SLE have proven
highly useful to reduce labeling density.[7c,18] However,
controlling labeling density by an irreversible reaction is not

Figure 3. Prolonged time-lapse confocal and STED microscopy. (A) Decay of the fluorescence intensity during confocal imaging compared for the
different variants. (B) Live cell STED imaging of Tom20 in HeLa cells using labeling of different HaloTag variants. Imaging in presence of 1 μM
HTL-MaP555. Insets show exemplary regions underlining the bleaching differences between each variant. Scale bar: 2 μm (C) Decay of the
fluorescence intensity during STED imaging compared for the different variants.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202219050 (4 of 8) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 18, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202219050 by M

PI 302 B
iophysics, W

iley O
nline L

ibrary on [01/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



trivial, as the reaction needs to be stopped at the right
moment or finally tuned by controlled photobleaching,
which in turn leads to phototoxicity and cell stress. More-
over, the major fraction of target molecules remains
unlabeled and thus does not contribute information. We
therefore explored, to what extend these disadvantages are
effectively overcome by reHaloTag labeling. For single
molecule imaging, HeLa cells expressing Tom20 tagged with
one of the different HaloTag variants were imaged in highly
inclined laminar optical sheet (HILO) mode with a time
resolution of 30 fps. To ensure low labeling density, we
applied 500 pM HTL-MaP555 and imaged in the presence of
substrate. In case of HaloTag7, substantial photobleaching
was required to reach densities suitable for single molecule
localization (Supplementary Movie S3). Therefore, reliable
TALM analysis was only possible about 100 s (3000 frames)
after starting image acquisition (Figure 4A). By contrast,
much more robust single molecule densities were observed
for reHaloTagS and reHaloTagF (Figure 4B, C and Supple-
mentary Movie S4, S5). Thus, high-quality super-resolution
images could be generated over the entire course of the
12 min imaging experiment (Figure 4A–C). The fundamen-
tal improvement achieved for TALM imaging by reHaloTag
labeling is highlighted by comparing how the number of
localized molecules changes over time (Figure 4D). In case
of HaloTag7, the kinetics is largely determined by reversible
photoswitching[7b] in combination with some irreversible

photobleaching, yielding a biphasic decay. A quasi-stable
level of molecules that could be reliably localized was only
reached after 300 s at a level of <10% of the initial density.
By contrast, the photochemical kinetics of the reHaloTag
variants is convolved with the exchange kinetics, resulting
into quasi-steady-state levels of single molecule densities at
much faster times and relatively high levels as compared to
the initial density. For reHaloTagF, this stable state was
reached after less than 30 s, and less than 15% further
decrease in the molecule density was observed in the
subsequent 10 min acquisition time (18000 frames). Faster
exchange kinetics, however, does not compromise tracking
fidelity as confirmed by comparison of the trajectory length
histograms over time and diffusion coefficients for the three
HaloTag variants (Figure 4E, Supplementary Figure S5).
Interestingly, reHaloTags even showed somewhat more
robust trajectory length’s over time as compared to the
HaloTag7 (Figure 4E). These results highlight that the
moderate exchange kinetics of reHaloTag variants enable
powerful control of labeling density without compromising
tracking fidelity, and thus have particular potential for
application in single molecule microscopy techniques, espe-
cially long-term TALM imaging.

Figure 4. reHaloTag labeling ensures robust single molecule density for long-term TALM imaging. (A–C) Single molecule localization (left panels)
and single molecule trajectories from time-lapse imaging of Tom20 in Hela cells using labeling of different HaloTag variants (right panels). Images
rendered from frames 1-2000 (top) and 18001–20000 (bottom). Insets show zoom into representative regions. Imaging was carried out in the
presence of 500 pM HTL-MaP555. Scale bars: 2 μm. (D) Comparison of the relative number of localized molecules over the entire time span.
(E) Trajectory length histograms obtained the corresponding time windows: 1–2000 (left), and 18001–20000 (right).
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reHaloTags enable simultaneous SIM and TALM

Exploiting their unique capability to control steady state
labeling, we further pushed the application of the two
reHaloTag variants by using dual-color labeling for simulta-
neous ensemble and single molecule microscopy. For this
purpose, we combined single-molecule imaging with super-
resolution structured illumination microscopy (SIM). HeLa
cells expressing Tom20-mEGFP-reHaloTagF were labeled
by mixing 250 nM HTL-MaP555 for SIM acquisition and
500 pM HTL-JFX646 for single molecule localization. Imag-
ing was performed by alternating acquisition of nine SIM
images in the MaP555 channel followed by acquisition of 84
frames in the JFX-646 channel for TALM. Under these
conditions, the OMM could be well resolved by SIM to
visualize mitochondrial dynamics beyond the diffraction
limit (Figure 5A, Supplementary Movie S6). These images
could be correlated with the diffusion of Tom20 resolved at
single molecule level. Importantly, reorganization of the
OMM network by fusion and fission could be monitored by
SIM (but not TALM), which in turn can explain changes in
the confinement observed in single molecule trajectories
(Figure 5B and Supplementary Movie S7). The relatively

fast exchange kinetics of the reHaloTagF enabled long-term
correlative SIM and robust TALM imaging at the same
time.

Conclusion

Application of advanced and super-resolution imaging
techniques in living cells are still limited by photostability of
fluorescent labels. Here, we have introduced reversible
HaloTag (reHaloTag) labeling as a novel tool to increase
the resistance against photobleaching and to control post-
translational labeling density for single molecule imaging.
By restoring the original dehalogenase capabilities of
HaloTag7, we obtained reHaloTagS and reHaloTagF with a
�10-fold difference in the exchange rate constant. Both
reHaloTag variants proved suitable to enhance apparent
photostability in different high- and super-resolution imag-
ing techniques such as cLSM, STED, SIM and TALM, with
the reHaloTagF showing overall superior features in our
applications. However, the suitability of each variant likely
depends on the time resolution required, and here we
focused on fast imaging applications that benefit from high
turnover kinetics. We tested four HTL derivatives, yielding
very similar results with respect to labeling efficiency and
turnover kinetics. We therefore expect that most available
HaloTag substrates are compatible with our approach and
thus a broad spectrum of fluorogenic variants[8] can be
exploited. However, a significant contribution of the con-
jugated moiety for the on-rate has been reported for HTL
substrates[13] and therefore some minor differences in label-
ing efficiencies can be expected. The availability of different
substrates furthermore opened the possibility for orthogonal
labeling of HaloTag7 and reHaloTagF. At the downside,
reHaloTags degrade their substrates and therefore, reduced
labeling due to depletion of the substrate can be expected
upon long-term application in samples with high total
quantities of the reHaloTags.

With these features, reHaloTag-based labeling nicely
complements the recently developed non-covalent HaloTag
ligands (xHTLs).[19] These xHTLs bind substantially more
transiently, with complex lifetimes in the milliseconds to
second’s regime, compared to the 15–200 s observed for the
reHaloTag system. The longer lifetimes and resulting higher
affinities of reHaloTag variants compared to the xHTL
system can potentially ensure higher signal-to-background
in ensemble measurements as well as higher tracking fidelity
in single molecule imaging approaches. In turn, xHTLs open
unique possibilities for PAINT due to their transient nature
that is comparable to the unbinding kinetics used in DNA-
PAINT.

While we found improved performance of reHaloTag
labeling in all fluorescence microscopy techniques we tested,
the approach appears particularly useful for single molecule
tracking and localization microscopy (TALM). Here, the
ability to control labeling density at very low substrate
concentrations in conjunction with the relatively long life-
time of the substrate bound to the reHaloTags proved ideal.
For single molecule dynamics, the lifetime of the reHalo-

Figure 5. Simultaneous structured illumination (SIM) and single mole-
cule tracking and localization microscopy (TALM). (A) Imaging of HeLa
cells expressing Tom20-mEGFP-reHaloTagF in the presence of 250 nM
HTL-MaP555 for SIM acquisition and 500 pM HTL-JFX646 for single
molecule imaging. Representative SIM image (magenta), reconstruc-
tion of single molecule localizations of 2759 frames (gray) and the
corresponding trajectories. Scale bar: 5 μm (B) Time-lapse SIM imag-
ing (top), cumulative TALM (middle) and single molecule trajectories
(bottom) of the ROIs shown in A. Arrows indicate regions showing
transient fission and fusion of the OMM and thus changes in the
confinement of single molecule trajectories. Top. Scale bar: 1 μm.
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TagF-HTL complex (�15 s) is sufficient to ensure unbiased
tracking and mobility analyses, whereas the lower lifetime of
HaloTag-xHTL complexes (�1 s) may limit the trajectory
length. Combination of reHaloTag labeling with reversibly
photoswitching HTL dyes[8f] may further enhance the
capabilities of long-term TALM imaging.

Another striking application enabled by the well-defined
exchange kinetics is the combination of ensemble and single
molecule imaging using spectrally separable fluorescent
substrates. The dynamic exchange of labels furthermore
ensures thorough sampling of the entire population at single
molecule level while continuously monitoring the overall
distribution of the target protein in the cell. Here, we
demonstrated super-resolution at ensemble and single
molecule level by combing SIM and SMT that, given the
fluorogenic nature of the substrate, can be readily extended
to three-dimensional imaging. Simultaneous application of
these complementary techniques opens new possibilities for
correlative diffusion analyses. However, other combinations
such as STED with STED-FCS or MINFLUX can be
anticipated, which would similarly gain from the versatile
control of labeling densities and the longer complex lifetime
as compared to xHTL labeling.

Experimental Section

Materials and methods are described in detail in the Supporting
Information.
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