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Abstract

Self-labeling proteins are powerful tools in chemical biology as they enable the precise cellular localization of a synthetic molecule,
often a fluorescent dye, with the genetic specificity of a protein fusion. HaloTag7 is the most popular self-labeling protein due to its
fast labeling kinetics and the simplicity of its chloroalkane ligand. Reaction rates of HaloTag7 with different chloroalkane-containing
substrates is 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 report a molecular evolution system for HaloTag using yeast
surface display that enables the screening of libraries up to 108 variants to improve reaction rates with any substrate of interest. We
applied this method to produce a HaloTag variant, BenzoHTag, which has improved performance with a fluorogenic benzothiadiazole
dye. The resulting system has improved brightness and conjugation kinetics, allowing for robust, no-wash fluorescent labeling in live
cells. The new BenzoHTag-benzothiadiazole system has improved performance in live-cell assays compared to the 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. It was also found to be orthogonal to the silicon HaloTag7-rhodamine system, enabling multiplexed no-wash labeling
in live cells. The BenzoHTag system, and the ability to optimize HaloTag for a broader collection of substrates using molecular

evolution, will be very useful for the development of cell-based assays for chemical biology and drug development.

Introduction

Genetically encoded sensors have become essential in the biochemical sciences.'> 2 Such biosensors were originally developed
using fluorescent proteins, but advancements in both synthetic dye chemistry and protein engineering have enabled improved chemo-
genetic constructs for cellular imaging. Specifically, self-labeling proteins such as HaloTag7 allow organic dyes, which are often brighter
and more photostable than fluorescent proteins, to be introduced to cellular environments with chemical and genetic precision.’”
HaloTag7 reacts with a linear chloroalkane ligand which can be appended to any molecule of interest, most commonly fluorescent dyes
(Fig. 1a) but also a wide variety of substrates including biomolecules. HaloTag7 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, targeted protein degradation, and cell penetration of peptide and oligonucleotide drugs, among other areas.!%!3
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-specific.!® Specifically, HaloTag7 reacts with chloroalkane-

tetramethylrhodamine (CA-TMR, Fig. 1) with second-order rate constants greater than 107 M-'s™! but this rate decreases substantially
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when non-rhodamine dyes are used. For example, the chloroalkane conjugate of AlexaFluor 488, a synthetic derivative of fluorescein
that still bears a xanthene core, has a reaction rate 3 orders of magnitude slower than that of CA-TMR (2.5x10* M!s™!).!® When non-
xanthene dyes are used, like benzothiadiazoles or stilbenes,!’!? this rate further plummets below 10° M's!. HaloTag7’s preference for
CA-TMR can be explained by the fact that CA-TMR was the substrate in the original HaloTag7 engineering efforts — HaloTag is no
exception to the maxim “you get what you screen for.”?% 2! In cellular assays, slow reaction kinetics results in sluggish or incomplete
HaloTag7 labeling?? and/or the need for higher concentration of dye in cellular experiments, which leads to high background

fluorescence.'!
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Figure 1. HaloTag7 and dye-containing substrates. (a) Crystal structure of HaloTag7 covalently
reacted with substrate chloroalkane-tetramethylrhodamine (CA-TMR, PDB: 6Y7A).!¢ The model
highlights how the catalytic residue, D106, is at the bottom of a ~15A 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 often have slower kinetics. (b)
Structures of fluorogenic dyes, Bz-1, Bz-2 and Bz-3, and structures of other common HaloTag7
ligands, CA-TMR and CA-JFée3s.

HaloTag7’s substrate bias has been accommodated by using rhodamines and other xanthene-based dyes that range in spectral
properties.?>?” Fluorogenic HaloTag systems, which use dyes that become fluorescent upon conjugation with HaloTag7, are especially
attractive as they increase sensitivity and eliminate the need for washout steps, allowing for real-time monitoring of biochemical
processes.?33* However, many of fluorogenic HaloTag7 ligands deviate from the rhodamine scaffold and thus suffer from slow reaction
rates.!”-1% 31> 32 Rhodamine-based fluorogenic dyes such as CA-JFe3s (Fig. 1b) have also been developed, and their conjugation kinetics
are faster than non-rhodamine dyes but they do not approach the super-fast kinetics of CA-TMR.'! 163334 Given the broad utility of
HaloTag7 in chemical biology, broadening its substrate scope to enable more rapid kinetics with non-xanthene dyes would permit a
large expansion of the biosensor toolbox including the use of more varied fluorogenic dyes.

While most work to date has focused on improving dyes as substrates for HaloTag7, recent efforts to alter HaloTag7 to improve

performance with a specific chloroalkane substrate have been reported. Liang, Ward, and coworkers screened a library of 73

recombinantly expressed and purified single-mutant HaloTag variants for improved activity of a catalytic metal center and, in a separate
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report, a similar library was screened for improved fluorogenic and labeling properties of a styrylpyridium dye.?* 3¢ Frei, Johnsson, and
coworkers engineered HaloTag to modulate the fluorescent lifetimes of fluorogenic rhodamine dyes to enable multiplexed fluorescent
lifetime imagining.3” They employed a HaloTag?7 library generated by site-saturation mutagenesis of 10 pre-selected residues followed
by screening bacterial lysates. Subsequent rounds of screening utilized sub-libraries generated by combinations of the best-performing
single mutants. While both strategies produced improved HaloTag7 variants for their given application, they were limited by their
screening throughput. In this work, we develop 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 for a fluorogenic benzothiadiazole dye. The new self-labeling protein, BenzoHTag, enables rapid wash-free intracellular labeling
of live mammalian cells. Further, the new proteinedye system shows orthogonality to HaloTag7 which enabled both systems to be used

simultaneously for multiplexed, wash-free labeling in live cells.

Results
Evolving HaloTag7 Using Yeast Surface Display
In contrast to previous methods for HaloTag7 evolution, we sought to employ a method that would enable higher throughput.

38-42 which provides several benefits for protein evolution including the ability to sort

We adapted yeast surface display for this purpose,
using fluorescence-activated cell sorting and the inclusion of epitope tags to allow independent measurements of protein activity and
expression level (Fig. 2a).*® HaloTag7 was incorporated into a yeast display construct and activity of HaloTag7 on the yeast surface
was verified by treating yeast with CA-TMR. Robust CA-TMR signal was observed for yeast cells expressing HaloTag7 but not cells
expressing the catalytically inactive D106A mutant (Fig. S1a). Immunostaining of HA and/or Myc epitopes produced a linear correlation
with CA-TMR signal, demonstrating independent measurements of labeling activity and expression levels (Figs. 1a, 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 mutations per variant (Tables S3, S4). After verifying that each sub-library retained some activity (Fig. S2) they were pooled
to yield an input library of 2.5x108 variants. We filtered the input library to remove catalytically dead variants by treating a pool of over
4x10° yeast with excess chloroalkane-biotin and then isolating biotinylated yeast using magnetic streptavidin beads. This pre-screen
produced a filtered input library of functional HaloTag variants exceeding 5x107 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 fluorogenic HaloTag ligand (Fig. 1b).!° Benzothiadiazoles are a class of fluorogenic dyes that are non-
fluorescent in aqueous solution and fluorescent in non-polar environments, including the HaloTag7 active site channel as originally
demonstrated by Zhang and coworkers.!”* Bz-1 was cell-penetrant, it had low background in mammalian cells, and 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 filter sets.!” 4> 46 Further, Bz-1’s small size, large Stokes shift of 70 nm which limits self-absorption, and ease of derivatization
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renders it a nearly ideal dye for turn-on fluorescence labeling in cells. Despite these favorable properties, the reaction rate of HaloTag7
conjugation to Bz-1 was slower than the rates of many commonly used HaloTag7 substrates.'® Thus, we sought to improve the
fluorogenic system by screening for HaloTag7 variants with improved reaction kinetics, and potentially improved fluorescence intensity
with Bz-1. We subjected the filtered library to iterative rounds of screening using fluorescence-activated cell sorting with substrate Bz-
1. In each round, we isolated the top 0.5% of cells with high green fluorescence relative to expression level (Fig. 2a). Stringency was
increased after each round by decreasing the concentration of Bz-1 and decreasing the incubation time, with round 4 applying 40 nM
Bz-1 for one minute (Table S6). After four rounds of screening, there was a clear increase in fluorescence of the sorted variants when

treated with Bz-1 compared to HaloTag7 (Fig. 2b-c).
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Figure 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 10000 yeast cells displaying HaloTag7, the input library, the filtered
input library, and the output pools of rounds 1 through rounds 4. Background green fluorescence
from unlabeled cells was subtracted. Cells were incubated with 40 nM Bz-1 for 1 minute.
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Table 1. Summary of HaloTag Variant Sequences.

Second- .

Percent change in oo

order rate fluorescence Emission

Variant Mutations constant . maximum
(x10% M-1s- relative to (nm)

) HaloTag7
HaloTag7 - 1.5+£0.17 - 532
Variant 1 F144S | L246F 9.3+2.0 14 532
Variant 2 V245A 11.0+£ 09 8 536
Variant 3 N195S | V245A | E251K | S291P 83+1.0 11 536
Variant 4 L161W | V245A 10.3+1.4 8 536
Variant 5 1211V | V245A 41316 7 536
Variant 6 F144L | L221S | V245A 33.4+24 9 536
Variant 7 F144L | L221S | V245A | L246F 15.6+1.4 13 534
Variant 8 F144L | 1211V | L221S | V245A 68.8+8.2 14 536
Variant 9 F144L | 1211V | L221S | V245A | L246F 446+ 4.1 15 532
Variant 10

(BenzoHTag) F144L | 1211V | V245A 95.4+9.2 16 536

HaloTag mutations enhance conjugation with Bz-1

We sequenced 110 colonies from rounds 3 and 4. There were few duplicate sequences, but numerous enriched mutations
were observed. 15 HaloTag variants that encompassed most of the enriched mutations were identified for further analysis. Notably,
most enriched mutations were at residues that were not altered in prior HaloTag engineering efforts (Table S2)° with the exception of
V245A, which was identified in an earlier HaloTag7 evolution screen with a non-rhodamine, styrylpyridium dye.3¢ After comparing
the activities of these 15 variants on the surface of yeast (Fig. S4 and S5, Table S7) we selected six of the best-performing variants for
recombinant expression and purification (Variants 1-6, Table 1). All six variants demonstrated faster Bz-1 labeling kinetics than
HaloTag7 ((5- to 27-fold, Fig. 3a,b, Fig. S6, Table S10). The identified mutations also modulated the fluorescence properties of the
protein*Bz-1 complex (Fig. 3c). For example, Variant 1, which was the only variant to contain the L246F mutation, produced the
largest enhancement in endpoint fluorescence intensity of 14% greater than HaloTag7. Further, all mutants bearing the V245A
mutation produced a slightly red-shifted emission maximum (Table 1). Examination of a crystal structure of 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).!” 3¢ 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,'7 and Bz-3,'° — these dyes have pyrrolidine,
dimethylamine, and morpholine as their amine donors, respectively. The rates of Bz-2 and Bz-3 reacting with Variants 5 and 6 were
approximately 10-fold slower than Bz-1 but were approximately 10-fold faster than their rates with HaloTag7 (Fig. S7). These results
implied that the newly evolved HaloTag variants specifically recognize both the benzothiadiazole core and the pyrrolidine donor group
of Bz-1.

We next generated Variants 7-10 that combined different mutations observed to correlate with rate enhancements among

Variants 1-6. We observed that combining all three of the mutations V245A, F144L, and L211V (Variants 8-10) led to over two-fold
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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 beneficial mutations in Variant 6, as it is located distal to the active site
channel and it decreases overall activity (Variant 10 compared to 8).
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Figure 3. Characterization of recombinantly expressed HaloTag variants with
improved fluorogenic properties. (a) Summary of second-order rate constants
measured for Bz-1 conjugation to HaloTag7 and Variants 1-10. See supplementary
information for experimental details. (b) Representative kinetic traces of 0.25 yM Bz-1
reacting with 1.0 yM HaloTag7 or selected variant. (c) Representative emission spectra of
2.5 yM Bz-1 when conjugated to 5.0 yuM HaloTag7 or selected variant after one hour of
incubation, normalized to the maximum fluorescence intensity of the HaloTag7-Bz-1
complex. (d) Crystal structure of Bz-2 with HaloTag7 (PDB: 5UXZ)'” showing the locations
of key mutations observed in variants with improved fluorogenic properties.
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Bz-1 rapidly labels BenzoHTag in live cells with low background

We selected Variant 10, which we named BenzoHTag, for testing in live mammalian cells. BenzoHTag was cloned as a Histone
2B (H2B) fusion to localize it to the nucleus and the fusion was transiently transfected into U-2 OS cells.?” Cells expressing BenzoHTag
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 background fluorescence in non-expressing cells. BenzoHTag dramatically outperformed HaloTag7 in live
cell labeling with Bz-1, enabling robust fluorescence 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 BenzoHTag at 250 nM. Between

30 and 250 nM, BenzoHTag-expressing cells had 5- to 8-fold higher fluorescence over background compared to HaloTag7-expressing
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cells. BenzoHTag*Bz-1 labeling was also very sensitive — after labeling for 10 minutes with only 7 nM Bz-1, BenzoHTag-expressing
cells showed greater than 200-fold signal over background (Fig. 4a). These results highlights that the intrinsic properties of the Bz-1
dye, including high cell permeability of the Bz-1 substrate and very low background fluorescence,'® synergize with the increased reaction
rate to allow robust fluorescence detection at very low dye concentrations.

We next evaluated the performance of the BenzoHTag*Bz-1 system in no-wash, live cell fluorescence microscopy. U-2 OS
cells transfected with the H2B-BenzoHTag fusion were treated with 10 nM Bz-1 and imaged without exchanging media. Robust nuclear
labeling was observed in BenzoHTag-expressing cells (Fig. 4b) while non-expressing cells within the same image had no observable
background fluorescence. When treated with 125 nM Bz-1, cells also showed strong nuclear labeling with no detectable non-specific
fluorescence (Fig. S11). We captured movies of Bz-1-treated cells (Movies S1, S2) and quantified the appearance of fluorescence over
time. In BenzoHTag-expressing cells, fluorescence approached saturation within 60 seconds of Bz-1 addition, and BenzoHTag-
expressing cells saturated at 100% higher fluorescence intensities than HaloTag7-expressing cells (Fig. 4c, Fig. S12). Notably,
BenzoHTag-expressing cells treated with only 10 nM Bz-1 were 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.
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Figure 4. Comparing BenzoHTag and HaloTag7 in no-wash, live-cell labeling experiments. (a)
Labeling with varied concentrations of Bz-1 for 10 minutes in non-transfected U-2 OS cells and
cells transfected with H2B-BenzoHTag or H2B-HaloTag7 (transfection efficiency was roughly
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20%, Fig. S9). (b) Confocal microscopy imaging of H2B-BenzoHTag-transfected U-2 OS cells
treated with 10 nM Bz-1. Cells were co-stained with Hoescht to highlight the nucleus. (c) Increase
of Bz-1 fluorescence over time when added to U-2 OS cells that were transiently transfected with
H2B-BenzoHTag or H2B-HaloTag?7. Fluorescence intensities of at least 10 transfected cells for each
condition were measured over the course of five minutes with the average background fluorescence
of 10 non-transfected cells subtracted. See Supporting Information for details.

BenzoHTag and HaloTag7 can be used for simultaneous, multiplexed labeling in live cells

Given that BenzoHTag recognizes multiple parts of Bz-1, we wondered whether the BenzoHTag system had evolved away
from HaloTag7’s large preference for rhodamine-based substrates. To test this, we measured the kinetics of recombinantly purified
BenzoHTag with CA-TMR and its fluorogenic silicon rhodamine analog, CA-JFe35. CA-TMR reacted with BenzoHTag with a
second-order rate constant of 2.1x10* M's"! and CA- JFe3sreacted with a rate of 1.1x102 M!s™!, which represent 900- and 9000-fold
rate decrease, respectively, relative to their rates with HaloTag7 (Fig. 5a, Fig. S8, Table S11). Overall, our kinetic data indicated that
Bz-1 reacts 65-fold faster with BenzoHTag than with HaloTag7, while CA-JFe3s reacts 9000-fold faster with HaloTag7 than with
BenzoHTag (See Supplemental Discussion). These results suggested that BenzoHTag*Bz-1 and HaloTag7*CA-JFse3s might be
orthogonal enough for multiplexed labeling in cells. We then compared dye fluorescence in cells expressing either nucleus-localized
BenzoHTag or HaloTag7. We observed that CA-JFe3s preferentially labeled cells expressing HaloTag7 with very little labeling in cells
expressing BenzoHTag, and Bz-1 preferentially labeled cells expressing BenzoHTag with very little labeling in cells expressing
HaloTag7 (Fig. 5b, S10)

Encouraged by these results, we evaluated the ability to multiplex the BenzoHTag*Bz-1 and HaloTag7<CA- JFe3s systems in
wash-free, live-cell labeling experiments. Bz-1, CA-JFe3s or both dyes were added to U-2 OS cells transiently expressing BenzoHTag
localized to the nucleus, HaloTag7 localized to the outer mitochondrial membrane, or both. Using 125 nM dye and analyzing cell
populations by flow cytometry after 10 minutes of incubation, we observed that Bz-1 predominately labeled BenzoHTag while CA-
JF¢35 predominantly labeled HaloTag7 (Fig. S13b). To verify orthogonality under no-wash conditions in individual cells, we co-
transfected cells with both constructs, treated them with both dyes simultaneously, and observed the cells using confocal fluorescence
microscopy with no washes (Fig. Sc, Fig. S13c¢). When 125 nM of each dye was used, robust labeling by Bz-1 was observed after 10
minutes but no CA-JFess labeling was evident by microscopy. Imaging after 60 minutes revealed localization of CA-JFe3s labeling to
the mitochondria, however Bz-1 labeling was observed at both the nucleus and mitochondria (Fig. S13c). We ascribe these observations
to faster cell-penetration for Bz-1 compared to CA-JFe35. We optimized dye concentrations and found that co-treating cells with 50 nM
Bz-1 and 125 nM CA-JFe3s for 60 minutes resulted in robust multiplexed labeling (Fig. 5d). Bz-1 fluorescence was entirely localized
to the nucleus and CA-JFs3s fluorescence was entirely localized to the mitochondria, indicating excellent orthogonality between the
BenzoHTag*Bz-1 and HaloTag7+CA-JFe3s systems (Fig. 5e). Quantification by flow cytometry under these conditions confirmed

orthogonal labeling between the systems (Fig. 5d).
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Figure 5. Multiplexed labeling using the BenzoHTag and HaloTag7 systems. (a) Second-order
rate constants for Bz1, CA-TMR, and CA- JFs35 with recombinantly expressed and purified
HaloTag7 and BenzoHTag. The rate of CA-TMR with HaloTag7 was obtained and reported by
Johnsson and coworkers.!'® The rate of CA- JFe3s has not been reported, but rates of analogous Si
rhodamines were reported in the range of 103-10° M-'s!.11:16.23.33 See Supporting Information for
more details. (b) Comparison of Bz-1 and CA-JFe3s labeling for 10 minutes in live U-2 OS cells
transiently expressing H2B-BenzoHTag or H2B-HaloTag7. (c) Schematic of multiplexed labeling
experiments. U-2 OS cells were transiently transfected with H2B-BenzoHTag (nuclear) and
Tomm20-HaloTag7 (cytosolic, outer mitochondrial membrane fusion) and treated simultaneously
with Bz-1 and CA-JFess. (d) Flow cytometry data in orthogonal labeling experiments with 50 nM
Bz-1 and 125 nM CA-JFe3s for 60 minutes. U-2 OS cells expressing either Tomm?20-HaloTag7,
H2B-BenzoHTag, or both were treated with either dye or co-treated with both dyes. The 15% most
fluorescent cells were analyzed in each experiment because transient transfection efficiencies were
roughly 20% (Fig. S9). (e) Confocal microscopy images of U-2 OS cells transiently transfected
with both H2B-benzoHTag and Tomm20-HaloTag7. Cells were stained with nuclear Hoescht dye,
washed, and then treated with 50 nM Bz-1 and 125 nM CA-JF3s for 60 minutes. No washing was
performed prior to imaging.

Discussion

Self-labeling proteins like HaloTag7 have become a mainstay in chemical biology research. HaloTag7 is used for
applications with a large variety of chloroalkane-tagged compounds, but the enzyme’s 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 negatively charged residues around the entrance to the active site channel of

HaloTag to promote faster the conjugation of chloroalkane-tagged oligonucleotides.*’” Most recently, several other groups have

modified HaloTag7 to better accompany new substrates in a semi-rational approach using techniques that screen 102-10* variants at a
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time.>>37-48 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 diversification, the larger screening capability enabled the discovery of multiple cooperative
mutations at unexpected positions; this result would have been highly unlikely using prior methods.® 37 The yeast display format
allows for a variety of positive and negative selections, rapid follow-up assays, and built-in controls for expression level.

In this first application, we provide ample evidence that yeast display produced HaloTag variants with improved conjugation
kinetics and brighter fluorescent complexes. The optimized variant, BenzoHTag, had a 63-fold enhancement in reaction rate with Bz-1
compared to HaloTag7. Our prior work optimized the fluorescent properties of the benzothiadiazole dye by replacing the
dimethylamine donor in Bz-2 with a pyrrolidine in Bz-1, which improved the fluorescent quantum yield of the dye when conjugated to
HaloTag7 by 50% while decreasing the background in cells.!® Thus, combining dye engineering and protein engineering, we improved
the original HaloTag7+Bz-2 system by 1.5-fold in terms of brightness and by 300-fold in terms of reaction rate'”> ' We expect this
roadmap — first optimizing the substrate for ideal functional properties, then optimizing the self-labeling protein for faster labeling —
will enable additional systems to be developed with improved functionality compared to HaloTag?7.

Prior to this work, the most well-developed fluorogenic substrate for HaloTag7 was a silicon rhodamine (SiR) dye, originally
reported by Johnsson and colleagues®® and later optimized to CA-JF635 by Lavis and colleagues.?* 3+ 4’ We compared the performance
of BenzoHTag*Bz-1 and HaloTag7+CA-JFe3s in live-cell labeling using both flow cytometry and fluorescence microscopy (Fig. 5).
The reaction rates and relative brightness of the two systems were comparable in cells, but signal saturation was achieved much faster
and at lower dye concentrations in the BenzoHTag*Bz-1 system (Fig. 5b, S8). CA-JFe3s1is typically used in live-cell imaging
experiments at concentrations of 100 nM to 500 nM, and sometimes exceeding 1 uM, with labeling times of 30 minutes or more.?3-25
33,3449 These conditions match the concentrations and incubation times we observed were required for robust cellular labeling of
HaloTag7-CA-JFe3s. By contrast, robust wash-free labeling was observed using only 10 nM Bz-1 with an 18-fold signal-over-
background as measured by confocal microscopy (Fig. S14), and nucleus-localized BenzoHTag was saturated by 125 nM Bz-1 in
under 100 seconds (Fig. 4c). When quantified by flow cytometry, Bz-1 showed greater than 200-fold signal-over-background when
applied at only 7 nM, (Fig. 4a, Fig. S8a-c). We interpret the differences in performance between HaloTag7*CA-JFe3s and
BenzoHTag*Bz-1 to reflect superior cell permeability of the smaller, uncharged Bz-1 compared to CA-JFs3s (Fig. 1b). This
interpretation is further supported by the observation that the percentage of cells labeled was not dependent on concentration of Bz-1
but was highly dependent on concentration of CA-JFe3s (Fig. S10c). The rapid labeling of the BenzoHTag*Bz-1 system suggests
unique for monitoring fast cellular processes, such as endosomal recycling.!' 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 biological therapeutics. '3 30-3
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There are several implementations of multiplexed fluorescent labeling using two different self-labeling proteins, like
HaloTag7 and SNAP-tag,?> 3756 and even some reports of multiplexed no-wash fluorescent labeling.’” However, HaloTag7 is often
preferred over SNAP-tag because SNAP-tag has slower reaction rates, its ligands have higher nonspecific interactions in the cell, and
its complexes have weaker photophysical properties.” '% 2% 58 Therefore, it could be advantageous to use multiple HaloTag-derived
self-labeling proteins in a wash-free multiplexed labeling experiments using orthogonal chloroalkane substrates. We found that
BenzoHTag*Bz-1 and HaloTag7+CA-JFe3s support multiplexed no-wash labeling experiments in live cells (Fig. 5¢). Given the ability
to perform positive and negative selections using yeast display, we anticipate that additional HaloTag7 variants can be evolved for
improved orthogonality and for specificity to other, spectrally orthogonal fluorogenic dyes that will allow multiplexing using three or
more colors. Moreover, this strategy could be interfaced with recent advances in protein/peptide tags®>-®! and fluorescence lifetime

imaging3” 6 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 imaging, biosensing, and biocatalysis that were previously
inaccessible.* 3 We used this system to develop BenzoHTag, an evolved HaloTag7 triple mutant that has improved conjugation kinetics
to a fluorogenic benzothiadiazole dye, Bz-1. The BenzoHTag*Bz-1 system enables robust intracellular labeling of live cells at
concentrations as low as 7 nM, in seconds and without washes. The BenzoHTag*Bz-1 system exhibits similar kinetics and maximum
brightness as the previously reported HaloTag*CA-JFe3s 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.!l> 3 63 Finally, the BenzoHTag*Bz-1 system was found to be orthogonal to the HaloTag7*CA-JFe3s system, allowing for

simultaneous application of both systems for wash-free multiplexed imaging in live cells.
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