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ash cellular imaging using
BenzoTag, an evolved self-labeling protein†

Bryan J. Lampkin, ‡* Benjamin J. Goldberg and Joshua A. Kritzer *

Self-labeling proteins are powerful tools for exploring biology as they enable the precise cellular localization

of a synthetic molecule, often a fluorescent dye. HaloTag7 is the most popular self-labeling protein due to

its broad utility, its bio-orthogonality, and the simplicity of its chloroalkane ligand. However, reaction rates

of HaloTag7with different chloroalkane-containing substrates are highly variable and rates are only very fast

for rhodamine-based dyes. This is a major limitation for the HaloTag system because fast labeling rates are

critical for live-cell assays. Here, we use yeast surface display to produce a HaloTag variant, BenzoTag, with

improved performance with a fluorogenic benzothiadiazole dye. Molecular evolution improved

conjugation kinetics and increased the signal from the dye–protein complex, allowing for robust, no-

wash fluorescence labeling in live cells. The new BenzoTag–benzothiadiazole system has improved

performance compared to the best existing HaloTag7–silicon rhodamine system, including saturation of

intracellular enzyme in under 100 seconds and robust labeling at dye concentrations as low as 7 nM. The

BenzoTag system was also found to be sufficiently orthogonal to the HaloTag7–silicon rhodamine

system to enable multiplexed no-wash labeling in live cells. The BenzoTag system will be immediately

useful for a large variety of cell-based assays monitoring biological processes and drug action in real time.
Introduction

Biology relies heavily on monitoring uorescently tagged
proteins in living systems.1,2 Recent advancements in both
synthetic dye chemistry and protein engineering have produced
chemo-genetic constructs for superior cellular imaging.
Specically, self-labeling enzymes such as HaloTag7 allow
organic dyes, which are oen brighter and more photostable
than uorescent proteins, to be introduced to cellular envi-
ronments with chemical and genetic precision.3–9 HaloTag7,
a modied alkyl dehalogenase, reacts with a linear chloroalkane
ligand which can be appended to any molecule of interest, most
commonly uorescent dyes (Fig. 1a) but also a wide variety of
substrates including biomolecules. It has been used in a wide
array of cell-based and live-animal assays that have revealed new
insights into protein–protein interactions, drug action at the
cell surface, cell-surface receptor recycling, protein homeo-
stasis, targeted protein degradation, and cell penetration of
peptide and oligonucleotide drugs, among other areas.10–16

HaloTag7 has also been reacted withmetal-chelating ligands for
catalysis,17,18 DNA nanostructures,19 photoactivatable substrates
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for light-induced release of reactive metabolites,20 and bifunc-
tional substrates for chemically induced protein dimerization.21

HaloTag7 has proven to be very versatile given its genetic
encodability and substrate modularity. However, its reaction
rate with chloroalkane-tagged substrates is highly variable and
substrate-specic.22 Specically, HaloTag7 reacts with
chloroalkane-tetramethylrhodamine (CA-TMR, Fig. 1) with
second-order rate constants greater than 107 M−1 s−1 but this
rate is much slower with non-rhodamine dyes. For example, the
chloroalkane conjugate of AlexaFluor488, a synthetic derivative
of uorescein that still bears a xanthene core, has a reaction rate
of 2.5 × 104 M−1 s−1, which is 1000-fold slower than that of CA-
TMR.22 When non-xanthene dyes are used, this rate further
plummets below 103 M−1 s−1.22–25 HaloTag7's preference for CA-
TMR can be explained by the fact that CA-TMRwas the substrate
in the original HaloTag7 engineering efforts – HaloTag is no
exception to the maxim “you get what you screen for.”26,27 In
cellular assays, slow reaction kinetics results in sluggish or
incomplete HaloTag7 labeling28 and/or the need for higher
concentrations of dye, which leads to high background
uorescence.11

HaloTag7's substrate bias has been accommodated by using
rhodamines and other xanthene-based dyes that range in spectral
properties.29–33 Fluorogenic HaloTag systems, which use dyes that
become uorescent upon conjugation with HaloTag7, are espe-
cially attractive as they increase sensitivity and eliminate the need
for washout steps, allowing for real-time monitoring of
biochemical processes.34–36 However, many uorogenic HaloTag7
Chem. Sci., 2024, 15, 17337–17347 | 17337
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Fig. 1 HaloTag7 and dye-containing substrates. (a) Crystal structure of HaloTag7 covalently reacted with substrate chloroalkane-tetrame-
thylrhodamine (CA-TMR, PDB: 6Y7A).22 The model highlights how the catalytic residue, D106, is at the bottom of a ∼15 Å hydrophobic channel.
This model also highlights how interactions between the rhodamine dye and the surface helices of HaloTag7 drive binding, illustrating why non-
rhodamine substrates have slower kinetics. (b) Structures of fluorogenic dyes Bz-1, Bz-2, and Bz-3, and structures of the widely used HaloTag7
ligands CA-TMR and CA-JF635.
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ligands deviate from the rhodamine scaffold and thus suffer from
slow reaction rates.23–25,37,38 Rhodamine-based uorogenic dyes
such as CA-JF635 (Fig. 1b) have been developed, and their conju-
gation kinetics are faster than non-rhodamine dyes but they do
not approach the super-fast kinetics of CA-TMR.11,22,39,40 Given the
utility of HaloTag7, we sought to broaden its substrate scope to
enable more rapid kinetics with a larger variety of substrates. We
were especially interested in improving HaloTag7's performance
with benzothiadiazoles, a class of uorogenic dyes that are non-
uorescent in aqueous solution and uorescent in non-polar
environments including the HaloTag7 active site channel as
originally demonstrated by Liu, Zhang and coworkers.23,41 Based
on that earlier work, we recently developed benzothiadiazole Bz-1
(Fig. 1b) as a cell-penetrant uorogenic dye with very low back-
ground in mammalian cells.25 When conjugated to HaloTag7, Bz-
1 had spectral properties that align with GFP and AlexaFluor488
allowing for the use of common blue lasers and blue/green lter
sets.25,42,43 Further, Bz-1's small size, high photostability, large
Stokes shi of 70 nm which limits self-absorption, and ease of
derivatization renders it a nearly ideal dye for turn-on uores-
cence labeling in cells. Despite these favorable properties, the
reaction rate of HaloTag7 conjugation to Bz-1was slower than the
rates of many commonly used HaloTag7 substrates.25 Thus, we
sought to improve the uorogenic system by developing Hal-
oTag7 variants with improved reaction kinetics with Bz-1.

Some recent efforts have sought to alter HaloTag7 to improve
its performance with non-rhodamine substrates. Liang, Ward,
and coworkers screened a library of 73 recombinantly expressed
and puried single-mutant HaloTag variants for improved
activity of a catalytic metal center and, in a separate report,
a similar library was screened for improved uorogenic and
labeling properties of a styrylpyridium dye.17,44 Frei, Johnsson,
and coworkers engineered HaloTag to modulate the uorescent
lifetimes of uorogenic rhodamine dyes to enable multiplexed
uorescence lifetime imaging.45 They employed a HaloTag7
library generated by site-saturation mutagenesis of 10 pre-
17338 | Chem. Sci., 2024, 15, 17337–17347
selected residues followed by screening bacterial lysates. While
both strategies produced improved HaloTag7 variants for their
given application, the screening throughput was limited. In this
work, we developed a molecular evolution system for HaloTag
that can screen 107 to 108 variants for optimal properties
including faster conjugation kinetics. The system was applied to
produce an optimized HaloTag7 variant with improved kinetics
with Bz-1. We then demonstrated the application of the new self-
labeling enzyme, BenzoTag, in rapid, wash-free intracellular
labeling in live mammalian cells. The new BenzoTag$Bz-1 system
performs comparably to the state-of-the-art HaloTag7$JF635
system but with faster in-cell labeling kinetics. BenzoTag$Bz-1
also shows sufficient orthogonality to that system to enable
multiplexed, wash-free uorescent labeling in live cells.
Results
Evolving HaloTag7 using yeast surface display

We sought to employ a molecular evolutionmethod that would
enable higher throughput than previous methods. We adapted
yeast surface display for this purpose,46–50 which enabled us to
screen libraries using uorescence-activated cell sorting and
to include epitope tags to allow independent measurements of
protein activity and expression level (Fig. 2a).51 HaloTag7 was
incorporated into a yeast display construct and activity of
HaloTag7 on the yeast surface was veried by treating yeast
with CA-TMR. Robust CA-TMR signal was observed for yeast
cells expressing HaloTag7 but not cells expressing the cata-
lytically inactive D106A mutant (ESI Fig. S1a). CA-TMR signal
was linearly correlated with immunostaining signals detecting
the HA or Myc tags, demonstrating independent measure-
ments of labeling activity and expression levels (Fig. 2a, ESI
Fig. S1b†). This was important to avoid bias towards high-
expressing variants in subsequent screens. We used error-
prone PCR to generate four sub-libraries with 2 to 6 muta-
tions per variant (ESI Tables S3 and S4†). Aer verifying that
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Molecular evolution of a fluorogenic HaloTag system using benzothiadiazole dye Bz-1. (a) Yeast display construct and screening strategy.
Cells within the green gate were isolated and used for subsequent rounds of sorting. (b) Histograms of green fluorescence of 10 000 yeast cells
displaying the input library (green), HaloTag7 (blue), or round 4 of the screen (purple). (c) Median green fluorescence of 10 000 yeast cells
displaying HaloTag7, the input library, the filtered input library, and the output pools of rounds 1 through rounds 4. Background green fluo-
rescence from unlabeled cells was subtracted. Cells were incubated with 40 nM Bz-1 for 1 minute.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
 2

56
7.

 D
ow

nl
oa

de
d 

on
 2

/2
/2

56
9 

22
:2

0:
26

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
each sub-library retained some activity (ESI Fig. S2†) they were
pooled to yield an input library of 2.5 × 108 variants. We
ltered the input library to remove catalytically dead variants
by treating a pool of over 4 × 109 yeast with excess
chloroalkane-biotin and then isolating biotinylated yeast
using magnetic streptavidin beads. This pre-screen produced
a ltered input library of functional HaloTag variants
exceeding 5 × 107 unique members.

To validate the HaloTag yeast display system, we screened
the HaloTag variant library against Bz-1, a benzothiadiazole dye
that we recently developed as a uorogenic HaloTag ligand
(Fig. 1b).25 We subjected the ltered library to iterative rounds of
screening using uorescence-activated cell sorting with
substrate Bz-1. In each round, we isolated the top 0.5% of cells
with high green uorescence relative to expression level
(Fig. 2a). Stringency was increased aer each round by
decreasing the concentration of Bz-1 and decreasing the incu-
bation time, with round 4 applying 40 nM Bz-1 for one minute
(ESI Table S5†). Aer four rounds of screening, there was a clear
increase in uorescence of the sorted variants when treated
with Bz-1 compared to HaloTag7 (Fig. 2b and c).
HaloTag mutations increase reaction rate with Bz-1 and alter
the spectral properties of the complex

We sequenced 110 colonies from rounds 3 and 4. There were
few duplicate sequences, but numerous enriched mutations
were observed. 15 HaloTag variants that included the highly
© 2024 The Author(s). Published by the Royal Society of Chemistry
enriched mutations were identied for further analysis.
Notably, most enriched mutations were at residues that were
not altered in prior HaloTag engineering efforts (ESI Table S2,
see ESI Discussion†)5 with the exception of V245A, which was
identied in an earlier HaloTag7 evolution screen with a non-
rhodamine, styrylpyridium dye.44 Aer comparing the activi-
ties of these 15 variants on the surface of yeast (ESI Fig. S4, S5
and Table S6†) we selected six of the best-performing variants
for recombinant expression and purication (variants 1–6,
Table 1). All six variants demonstrated faster Bz-1 labeling
kinetics than HaloTag7 (5- to 27-fold, Fig. 3a and b, ESI Fig. S6,
S7 and Table S9†). The identied mutations also modulated the
uorescence properties of the enzyme$Bz-1 complex (Fig. 3c).
For example, all six variants had increased uorescence emis-
sion intensity compared to HaloTag7, with variant 1 producing
the largest enhancement (14% greater than HaloTag7). Further,
all mutants bearing the V245Amutation produced a slightly red-
shied emission maximum (Table 1). Examination of a crystal
structure of the related dye Bz-2 conjugated with HaloTag7
suggested that all six variants have mutations that alter the
environment near the dye's benzothiadiazole core and/or donor
amine group (Fig. 3d).23,44 To explore whether these mutations
altered interactions with Bz-1's benzothiadiazole core or its
donor amine, we compared the kinetics for variants 5 and 6
reacting with Bz-1, Bz-2, and Bz-3 which have pyrrolidine,
dimethylamine, and morpholine as their amine donors,
respectively.25 The rates of Bz-2 and Bz-3 reacting with variants 5
and 6 were approximately 10-fold slower than Bz-1 but were
Chem. Sci., 2024, 15, 17337–17347 | 17339
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Table 1 Summary of HaloTag variant sequences

Variant Mutations
Second-order rate
constant (×103 M−1 s−1)

Fold change in uorescence
relative to HaloTag7

Emission maximum
(nm)

HaloTag7 — 1.5 � 0.17 — 532
Variant 1 F144SjL246F 9.3 � 2.0 1.14 532
Variant 2 V245A 11.0 � 0.9 1.08 536
Variant 3 N195SjV245AjE251KjS291P 8.3 � 1.0 1.11 536
Variant 4 L161WjV245A 10.3 � 1.4 1.08 536
Variant 5 I211VjV245A 41.3 � 1.6 1.07 536
Variant 6 F144LjL221SjV245A 33.4 � 2.4 1.09 536
Variant 7 F144LjL221SjV245AjL246F 15.6 � 1.4 1.13 534
Variant 8 F144LjI211VjL221SjV245A 68.8 � 8.2 1.14 536
Variant 9 F144LjI211VjL221SjV245AjL246F 44.6 � 4.1 1.15 532
Variant 10 (BenzoTag) F144LjI211VjV245A 95.4 � 9.2 1.16 536
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approximately 10-fold faster than their rates with HaloTag7 (ESI
Fig. S8†). These results implied that the newly evolved HaloTag
variants specically recognize both the benzothiadiazole core
and the pyrrolidine donor group of Bz-1.

We next generated variants 7–10 that combined different
mutations from the six selected variants. We observed that
combining mutations V245A, F144L, and L211V (variants 8–10)
Fig. 3 Characterization of recombinantly expressed HaloTag variants wi
constants measured for Bz-1 conjugation to HaloTag7 and variants 1
Representative raw kinetic data for 0.25 mM Bz-1 reacting with 1.0 mMHal
Bz-1 when conjugated to 5.0 mM HaloTag7 or selected variant after one
of the HaloTag7$Bz-1 complex. (d) Crystal structure of Bz-2 with HaloTa
variants with improved fluorogenic properties.

17340 | Chem. Sci., 2024, 15, 17337–17347
led to faster rates compared to variants with only two of these
mutations (variants 5–7). We also observed that variants with
the adjacent mutations V245A and L246F showed an overall
decrease in reaction rate (variants 7 and 9, compared to 6 and
8). Lastly, L221S appeared to be a spectator mutation co-isolated
with more benecial mutations in variant 6, as it is located
th improved fluorogenic properties. (a) Summary of second-order rate
–10. See ESI† for experimental details and representative data. (b)
oTag7 or selected variant. (c) Representative emission spectra of 2.5 mM
hour of incubation, normalized to the maximum fluorescence intensity
g7 (PDB: 5UXZ)23 showing the locations of key mutations observed in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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distal to the active site channel and it decreases overall activity
(variant 10 compared to 8).

Bz-1 rapidly labels BenzoTag in live cells with low background

We selected variant 10, which we named BenzoTag, for testing
in live mammalian cells. BenzoTag was cloned as a fusion to
Histone 2B (H2B) to localize it to the nucleus and the fusion was
transiently transfected into U-2 OS cells.45 Cells expressing
BenzoTag or HaloTag7 were treated for 10 minutes with
concentrations of Bz-1 between 7 and 1000 nM (Fig. 4a). Even at
the highest concentration tested, Bz-1 showed minimal back-
ground uorescence in non-expressing cells. BenzoTag
dramatically outperformed HaloTag7 in live cell labeling with
Bz-1, enabling robust uorescence at 10- to 20-fold lower
concentration of Bz-1. Saturation of the turn-on signal was not
observed for HaloTag7-expressing cells even at 1000 nM Bz-1,
while turn-on signal saturated for BenzoTag at 250 nM. Between
30 and 250 nM, BenzoTag-expressing cells had 5- to 8-fold
higher uorescence over background compared to HaloTag7-
expressing cells. BenzoTag$Bz-1 labeling was also very sensi-
tive – aer labeling for 10 minutes with only 7 nM Bz-1,
BenzoTag-expressing cells showed greater than 200-fold signal
over background (Fig. 4a). These results highlight that the
Fig. 4 Comparing BenzoTag and HaloTag7 in no-wash, live-cell labelin
minutes in non-transfected U-2 OS cells and cells transfected with H2B–
ESI Fig. S10†). Data are shown as the mean and standard error of six biolo
microscopy imaging of H2B–BenzoTag-expressing U-2 OS cells treated
nucleus. (c) Increase of Bz-1 fluorescence over time when added to U-2 O
HaloTag7. Fluorescence intensities of at least 10 transfected cells for ea
average background fluorescence of 10 non-transfected cells subtracte

© 2024 The Author(s). Published by the Royal Society of Chemistry
intrinsic properties of the Bz-1 dye, including high cell perme-
ability and very low background uorescence,25 synergize with
the increased reaction rate to allow robust uorescence detec-
tion at very low dye concentrations.

We next evaluated the performance of the BenzoTag$Bz-1
system in no-wash, live cell uorescence microscopy. U-2 OS
cells transfected with the H2B–BenzoTag fusion were treated
with 125 nM or 10 nM Bz-1 and imaged without exchanging
media. Robust nuclear labeling was observed in BenzoTag-
expressing cells while non-expressing cells within the same
image had no observable background uorescence (Fig. 4b, ESI
Fig. S13†). We captured movies of Bz-1-treated cells (see ESI
Video†) and quantied the appearance of uorescence over
time. In BenzoTag-expressing cells treated with 125 nM Bz-1,
uorescence approached saturation within 60 seconds, and
BenzoTag-expressing cells saturated with twice the uorescence
signal compared to HaloTag7-expressing cells (Fig. 4c, ESI
Fig. S14†). Notably, BenzoTag-expressing cells treated with only
10 nM Bz-1 also labeled within seconds and showed in-cell
labeling kinetics similar to HaloTag7-expressing cells treated
with 125 nM Bz-1. By contrast, no signal could be detected for
HaloTag7-expressing cells when treated with only 10 nM Bz-1.
This experiment also highlights the photostability of Bz-1, as it
g experiments. (a) Labeling with varied concentrations of Bz-1 for 10
BenzoTag or H2B–HaloTag7 (transfection efficiency was roughly 20%,
gical replicates with 10 000 cells analyzed per experiment. (b) Confocal
with 10 nM Bz-1. Cells were co-stained with Hoechst to highlight the
S cells that were transiently transfected with H2B–BenzoTag or H2B–

ch condition were measured over the course of five minutes with the
d. See ESI† for details.

Chem. Sci., 2024, 15, 17337–17347 | 17341
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was under continuous irradiation for the ve-minute video
acquisition time without a decrease in signal. Indeed, superior
photostability of benzothiadiazole dyes has been characterized
up to 30 minutes of continuous irradiation without loss of
signal.52
BenzoTag and HaloTag7 can be used for simultaneous,
multiplexed labeling in live cells

Given that BenzoTag recognizes multiple parts of Bz-1, we
wondered whether the BenzoTag system had evolved away from
HaloTag7's large preference for rhodamine-based substrates.
To test this, we measured the kinetics of recombinantly puried
BenzoTag with CA-TMR and its uorogenic silicon rhodamine
analog, CA-JF635. CA-TMR reacted with BenzoTag with a second-
order rate constant of 2.1 × 104 M−1 s−1 and CA-JF635 reacted
with a rate of 1.1 × 102 M−1 s−1, which represent 900- and 9000-
fold rate decreases, respectively, relative to their rates with
HaloTag7 (Fig. 5a, ESI Fig. S9 and Table S10†). Overall, our
kinetic data indicated that Bz-1 reacts 65-fold faster with Ben-
zoTag than with HaloTag7, while CA-JF635 reacts 9000-fold
faster with HaloTag7 than with BenzoTag (see ESI Discussion†).
These results suggested that BenzoTag$Bz-1 and HaloTag7$CA-
JF635 might be orthogonal enough for multiplexed labeling in
cells. We then compared dye uorescence in cells expressing
either BenzoTag or HaloTag7 localized to the nucleus. We
observed that CA-JF635 preferentially labeled cells expressing
HaloTag7 with very little labeling in cells expressing BenzoTag,
and Bz-1 preferentially labeled cells expressing BenzoTag with
very little labeling in cells expressing HaloTag7 (Fig. 5b, ESI
Fig. S11†).

Encouraged by these results, we evaluated the ability to
multiplex the BenzoTag$Bz-1 and HaloTag7$CA-JF635 systems in
wash-free, live-cell labeling experiments. Bz-1, CA-JF635 or both
dyes were added to U-2 OS cells transiently expressing BenzoTag
localized to the nucleus, HaloTag7 localized to the outer mito-
chondrial membrane, or both. Using 125 nM dye and analyzing
cell populations by ow cytometry aer 10 minutes of incuba-
tion, we observed that Bz-1 predominately labeled BenzoTag
while CA-JF635 predominantly labeled HaloTag7 (ESI
Fig. S15b†). We further analyzed cells co-transfected with both
constructs using confocal uorescence microscopy, treating the
cells with both dyes and imaging directly with no washes
(Fig. 5c, ESI Fig. S15c†). When cells were treated with 125 nM of
each dye for 10minutes, we observed robust labeling by Bz-1 but
no observable labeling by CA-JF635. Extending the incubation to
60 minutes revealed CA-JF635 labeling at the mitochondria, with
Bz-1 labeling at both the nucleus and mitochondria (ESI
Fig. S15c†). These results are consistent Bz-1 having faster cell
penetration compared to CA-JF635, which exposed mitochond-
rially localized HaloTag7 to higher concentrations of Bz-1
during the 60 minute incubation. We found that co-treating
cells with 50 nM Bz-1 and 125 nM CA-JF635 for 60 minutes
resulted in robust, orthogonal labeling (Fig. 5d). Bz-1 uores-
cence was entirely localized to the nucleus and CA-JF635 uo-
rescence was entirely localized to the mitochondria, indicating
robust orthogonality between the BenzoTag$Bz-1 and
17342 | Chem. Sci., 2024, 15, 17337–17347
HaloTag7$CA-JF635 systems under these optimized conditions
(Fig. 5e). Colocalization analysis conrmed that there was no
association between Bz-1 signal and CA-JF635, and positive
association between Bz-1 and nuclear Hoechst staining (ESI
Fig. S18†). Quantication by ow cytometry under these
conditions conrmed orthogonal labeling between the systems
(Fig. 5d).

Discussion

Self-labeling enzymes like HaloTag7 have become a mainstay in
chemical biology and biomedical research. HaloTag7 is used for
applications with a large variety of chloroalkane-tagged
compounds, but the enzyme's properties, especially its reac-
tion kinetics, depend greatly on the nature of the substrate
attached to the chloroalkane. Some prior work sought to modify
HaloTag7 to improve the labeling rates with non-rhodamine
substrates. An early example includes the mutation of nega-
tively charged residues around the entrance to the active site
channel of HaloTag to promote faster conjugation of
chloroalkane-tagged oligonucleotides.19 Most recently, several
other groups have modied HaloTag7 to better accompany new
substrates in a semi-rational approach using techniques that
screen 102–104 variants at a time.17,44,45,53 In this work, we
developed a yeast display system capable of screening 107–108

HaloTag7 variants at a time. We anticipate this system will
greatly accelerate the development of HaloTag variants that
work better with non-rhodamine substrates. Indeed, in this
initial application, with a single round of diversication, the
larger screening capability enabled the discovery of multiple
cooperative mutations at unexpected positions; this result
would have been highly unlikely using prior methods.44,45 The
yeast display format allows for a variety of positive and negative
selections, rapid follow-up assays, and built-in controls for
expression level. We anticipate that the ability to rapidly evolve
specic HaloTag7 variants for a given chloroalkane-tagged
substrate will produce customizable enzyme$substrate pairs to
enable applications across the chemical and biological sciences
including drug development, photophysics, and catalysis.
Further, it was recently demonstrated that the key H272F
mutation that converted the delahogenase DhaA into a self-
labeling enzyme is translatable across the dehalogenase
family.27 This suggests that additional dehalogenases can be
immediately incorporated into the yeast display pipeline to
capitalize on the large structural diversity afforded by this class
of enzymes.

In this rst application, we provide ample evidence that yeast
display produced HaloTag variants with improved conjugation
kinetics and brighter uorescent complexes. The optimized
variant, BenzoTag, had a 63-fold enhancement in reaction rate
with Bz-1 compared to HaloTag7. Our prior work optimized the
uorescent properties of the benzothiadiazole dye by replacing
the dimethylamine donor in Bz-2 with a pyrrolidine in Bz-1,
which improved the uorescent quantum yield of the dye when
conjugated to HaloTag7 by 50% while decreasing the back-
ground in cells.25 Thus, combining dye engineering and protein
engineering, we improved the original HaloTag7$Bz-2 system by
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Multiplexed labeling using the BenzoTag and HaloTag7 systems. (a) Second-order rate constants for Bz1, CA-TMR, and CA-JF635 with
recombinantly expressed and purified HaloTag7 and BenzoTag. The rate of CA-TMRwith HaloTag7 was obtained and reported by Johnsson and
coworkers.22 The rate of CA-JF635 has not been reported, but rates of analogous Si rhodamines were reported in the range of 105–106 M−1

s−1.11,22,29,39 See ESI† for more details. (b) Comparison of Bz-1 and CA-JF635 labeling for 10 minutes in live U-2 OS cells transiently expressing
H2B–BenzoTag or H2B–HaloTag7. Data are shown as the mean and standard error of biological triplicates with 10 000 cells analyzed per
replicate. (c) Schematic of multiplexed labeling experiments. U-2 OS cells were transiently transfected with H2B–BenzoTag (nuclear) and
Tomm20–HaloTag7 (cytosolic, outer mitochondrial membrane fusion) and treated simultaneously with Bz-1 and CA-JF635. (d) Flow cytometry
data in orthogonal labeling experiments with 50 nM Bz-1 and 125 nM CA-JF635 for 60 minutes. U-2 OS cells expressing either Tomm20–
HaloTag7, H2B–BenzoTag, or both were treated with either dye or co-treated with both dyes. The 15% most fluorescent cells of the 10 000
events read were analyzed in each experiment because transient transfection efficiencies were roughly 20% (Fig. S9†). Data are shown as the
mean and standard error of biological triplicates. (e) Confocal microscopy images of U-2 OS cells transiently transfected with both H2B–
BenzoTag and Tomm20–HaloTag7. Cells were stained with nuclear Hoechst dye, washed, and then treated with 50 nM Bz-1 and 125 nM CA-
JF635 for 60 minutes. No washing was performed prior to imaging. See Fig. S17 and S18† for corresponding bright-field image and for zoom-ins
of individual cells.
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1.5-fold in terms of brightness and by 300-fold in terms of
reaction rate.23,25 We expect this roadmap – rst optimizing the
substrate for ideal functional properties, then optimizing the
self-labeling enzyme for faster labeling – will enable additional
systems to be developed with improved functionality compared
to HaloTag7.

Prior to this work, the most well-developed uorogenic
substrate for HaloTag7 was a silicon rhodamine (SiR) dye,
originally reported by Johnsson and colleagues39 and later
optimized to CA-JF635 by Lavis and colleagues.29,40,54 We
compared the performance of BenzoTag$Bz-1 and Hal-
oTag7$CA-JF635 in live-cell labeling using both ow cytometry
and uorescence microscopy (Fig. 5). The JF635 dye was reported
to have a very high extinction coefficient when measured in
ethanol, but this value was signicantly lower when the chlor-
oalkane–dye conjugate CA-JF635 was bound to HaloTag7 in
© 2024 The Author(s). Published by the Royal Society of Chemistry
aqueous solution.40 Thus, despite the approximately 20-fold
larger extinction coefficient of JF635 and similar quantum yields
of uorescence (0.56 vs. 0.58), HaloTag7$CA-JF635 only has 5.4-
fold higher uorescent brightness than BenzoHTag$Bz-1 in
experiments with recombinant protein (ESI Table S11†).
Further, in cell-based experiments the increase in uorescence
signal from CA-JF635 in HaloTag7-expressing compartments
compared to background cellular labeling was reported at only
9.2-fold, likely due to background uorescence.40 These obser-
vations explain why Bz-1, with its much lower extinction coef-
cient, nonetheless had higher signal-over-background in cell-
based labeling experiments (ESI Fig. S11 and S19†). Under its
best-performing conditions using ow cytometry (125 nM dye
and 10 minutes of incubation), we observed that HaloTag7$CA-
JF635 had 366-fold signal-over-background (comparing
HaloTag7-expressing cells to non-expressing cells). By contrast,
Chem. Sci., 2024, 15, 17337–17347 | 17343
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BenzoTag$Bz-1 had 3000-fold signal-over-background under its
best-performing conditions, which required only 7 nM dye and
only 10 minutes of incubation. Notably, concentrations
exceeding 62 nM JF635 for 60 minute incubation times resulted
in larger non-specic uorescence in non-expressing cells when
compared to the shorter, 10minute incubation (ESI Fig. S11 and
S12†). These results suggest that brighter dyes can produce
larger raw uorescence signals and are more well-suited for
single-molecule applications, but uorogenic dyes with
moderate brightness and lower background can be superior for
many other cell-based applications.

We also observed differences in the kinetics and saturation
of in-cell labeling for the two systems. As described above, the
signal-over-background of the two systems were comparable in
cells, but signal saturation was achieved much faster and at
lower dye concentrations in the BenzoTag$Bz-1 system (Fig. 5b,
ESI Fig. S11 and S12†). CA-JF635 is typically used in live-cell
imaging experiments at concentrations of 100 nM to 500 nM,
and sometimes exceeding 1 mM, with labeling times of 30
minutes or more.29–31,39,40,54 Similar conditions were required for
robust cellular labeling of HaloTag7$CA-JF635 in our experi-
ments. By contrast, robust wash-free labeling was observed
using only 10 nM Bz-1 with 18-fold signal-over-background as
measured by confocal microscopy (ESI Fig. S19†), and nucleus-
localized BenzoTag was saturated by 125 nM Bz-1 in under 100
seconds (Fig. 4c). We interpret these results as indicating
superior cell permeability for the smaller, uncharged Bz-1
compared to the larger, zwitterionic CA-JF635 (Fig. 1b). We
directly observed that Bz-1 internalizes within seconds, but CA-
JF635 requires up to 60 minutes for comparable signal-over-
background (ESI Fig. S11 and S12†). This interpretation is
further supported by the observation that the percentage of cells
labeled aer 10 minutes was not dependent on concentration of
Bz-1 but was highly dependent on concentration of CA-JF635 (ESI
Fig. S11c†). The rapid labeling of the BenzoTag$Bz-1 system
suggests unique applications for monitoring fast cellular
processes, such as endosomal recycling.11 The no-wash nature
of this system will also enable measurements of biological
processes in real-time including protein folding in the cell,
endocytosis and exocytosis rates, protein and organellar
degradation processes, and endosomal escape of biologic
therapeutics.13,55–60 These applications will be accelerated by the
production of stable BenzoTag-expressing cell lines.

There are several implementations of multiplexed uores-
cent labeling using two different self-labeling proteins, like
HaloTag7 and SNAP-tag,29,45,61 and even a few reports of multi-
plexed no-wash uorescent labeling.62 However, HaloTag7 is
oen preferred over SNAP-tag because SNAP-tag has slower
reaction rates, its ligands have higher nonspecic interactions
in the cell, and its complexes have weaker photophysical
properties.7,22,29,63 Therefore, it would be advantageous to use
multiple HaloTag-derived self-labeling proteins in a wash-free
multiplexed labeling experiments using orthogonal chlor-
oalkane substrates. We found that BenzoTag$Bz-1 and Hal-
oTag7$CA-JF635 support multiplexed no-wash labeling
experiments in live cells (Fig. 5e). Given the ability to perform
positive and negative selections using yeast display, we
17344 | Chem. Sci., 2024, 15, 17337–17347
anticipate that additional HaloTag7 variants can be evolved for
improved orthogonality and for specicity to other, spectrally
orthogonal uorogenic dyes that will allow multiplexing using
three or more colors. Moreover, this strategy could be interfaced
with recent advances in protein/peptide tags64–66 and uores-
cence lifetime imaging45,67 to offer even more degrees of
multidimensional multiplexing.

Conclusion

We have introduced the commonly used self-labeling protein
HaloTag7 into a yeast display system for directed evolution of
improved variants. This display platform can produce novel
systems for in-cell chemistry, including biosensing and bio-
catalysis, that were previously inaccessible.4,5 We used this
system to develop BenzoTag, an evolved HaloTag7 triple mutant
that has improved conjugation kinetics to a uorogenic ben-
zothiadiazole dye, Bz-1. The BenzoTag$Bz-1 system enables
robust intracellular labeling of live cells at concentrations as
low as 7 nM, in seconds and without washes. The BenzoTag$Bz-
1 system exhibits similar in vitro kinetics (within an order of
magnitude) and larger signal-over-background than the previ-
ously reported HaloTag$CA-JF635 system but has faster and
more sensitive in-cell labeling. The fast in-cell labeling rate will
be especially useful for real-time monitoring of biological
processes, especially intracellular processes, with fast time
scales.11,59,68 Finally, the BenzoTag$Bz-1 system was found to be
orthogonal to the HaloTag7$CA-JF635 system, allowing for
simultaneous application of both systems for wash-free multi-
plexed imaging in live cells.
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