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ABSTRACT: Exploration of protein function and interaction
is critical for discovering links among genomics, proteomics,
and disease state; yet, the immense complexity of proteomics
found in biological systems currently limits our investigational
capacity. Although affinity and autofluorescent tags are widely
employed for protein analysis, these methods have been met
with limited success because they lack specificity and require
multiple fusion tags and genetic constructs. As an alternative
approach, the innovative HaloTag protein fusion platform
allows protein function and interaction to be comprehensively
analyzed using a single genetic construct with multiple
capabilities. This is accomplished using a simplified process,
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in which a variable HaloTag ligand binds rapidly to the HaloTag protein (usually linked to the protein of interest) with high
affinity and specificity. In this review, we examine all current applications of the HaloTag technology platform for biomedical
applications, such as the study of protein isolation and purification, protein function, protein—protein and protein—DNA
interactions, biological assays, in vitro cellular imaging, and in vivo molecular imaging. In addition, novel uses of the HaloTag
platform are briefly discussed along with potential future applications.

B INTRODUCTION

Proper functioning of complex biological systems is dependent
upon an array of proteins responsible for maintaining cellular
homeostasis.' > The complexity of protein—protein interac-
tions in living cells has hindered research into finding new
diagnostic and treatment options for many diseases.”> In
addition, inefficient methods of protein labeling for in vitro and
in vivo applications have limited proteomic analysis. While
purification is often tedious and requires resources beyond the
scope of many laboratories, the process is essential for
evaluating protein function. For this reason, newer method-
ologies are currently being explored for protein analysis.>”

Traditional protein tagging systems are often limited by low
yield or relatively high impurity levels.® In addition, larger
molecular weight protein tagging systems can alter the
conformation and functionality of targeted proteins.” The
polyhistidine tag (His-tag) is commonly used for protein
analysis because it rarely affects protein function due to its small
size. While His-tag is effective for isolation of proteins, this
method suffers from high impurity levels due to nonspecific
binding of other proteins.10 In addition, His-tag is limited to the
isolation and purification of proteins, and an additional tagging
system must be employed for cellular imaging or other
applications. The HaloTag system was developed to overcome
the current limitations of traditional protein tagging platforms
by allowing researchers to perform comprehensive protein
analysis using a single genetic construct (Figure 1A).
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This is accomplished using a two-step approach, which
includes the development of a 33 kDa HaloTag genetically
fused to the protein of interest and an application-specific
HaloTag ligand (Figure 1B).'"'* A covalent bond is formed
between the HaloTag protein and HaloTag ligand when these
two moieties come in contact, resulting in rapid and irreversible
binding."* The molecular mechanism of the HaloTag system is
based on a mutant bacterial haloalkane dehalogenase enzyme
from Rhodococcus rhodochrous, in which Phe272 is substituted
by His272."* During the interaction of the enzyme and ligand,
an alkyl-enzyme intermediate is formed during the nucleophilic
displacement of a terminal chloride with Asp106. Normally,
His272 would function as a general base in wild-type
dehalogenase to catalyze the hydrolysis, thus releasing the
enzyme. This reaction is altered in the mutant dehalogenase, as
the substituted Phe272 does not catalyze the hydrolysis, thus
resulting in a covalent adduct with high stability."*

Currently, several HaloTag ligands are offered for different
applications ranging from protein isolation to molecular
imaging.'® The covalent linkage between the HaloTag ligand
and HaloTag protein enables rapid isolation and purification."!
A few examples of HaloTag ligands include HaloTag Alexa
Fluor 488 for cell-surface labeling, HaloTag TMR ligand for
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Figure 1. Applications of the versatile HaloTag platform. (A) The
HaloTag protein tagging system is utilized for several applications,
including protein isolation and purification, evaluation of protein
function, analysis of molecular interactions, protein assays, in vitro
cellular imaging, and in vivo molecular imaging. (B) Representation of
the HaloTag system, in which the HaloTag protein forms a covalent
bond with a specific HaloTag ligand. Each HaloTag ligand contains a
binding group and functional moiety, such as fluorescent molecules for
intracellular and extracellular purposes, surface ligands for protein
immobilization with resins or slides, and reactive ligands for imaging
purposes. Reprinted with permission from ref 11. Copyright 2012 Urh
and Rosenberg.

labeling of cytosolic proteins, and HaloTag resins for
immobilization of proteins."

The HaloTag system for protein tagging has several
advantages over traditional protein tagging systems.'® Because
different HaloTag ligands can be utilized for studying different
aspects of the protein of interest, only a single genetic construct
is required. Second, binding of the HaloTag protein with a
HaloTag ligand is rapid and irreversible, allowing for sequential
labeling experiments to analyze protein synthesis and
degradation. Lastly, this technology can be utilized for cellular
imaging of both live and fixed cells, as studies have shown that
the HaloTag complex remains relatively stable under harsh
conditions (e.g., acidic microenvironment).'* The versatility of
the HaloTag platform makes it optimal for several protein
analysis applications both in vitro and in vivo (Figure 1). This
review examines all current application of HaloTag technology
for protein isolation and purification, analysis of protein
function, studying protein—protein and protein—DNA inter-
actions, performing biological assays, in vitro cellular imaging,
and in vivo molecular imaging.

B PROTEIN ISOLATION AND PURIFICATION

Improvements in protein isolation and purification using the
HaloTag platform makes it possible to isolate and purify
proteins at levels unachievable by traditional protein isolation
methods (e.g, His—tag).17 This is attributed to the highly
specific covalent interaction between HaloTag proteins and
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HaloTag ligands,"® making it feasible to isolate proteins
expressed at low levels in mammalian cells. Functionality
remains critical for analyzing proteins, yet many tagging
systems result in altered activity or inactive proteins. For
example, Locatelli-Hoops et al. demonstrated that a stable form
of human cannabinoid receptor CB, could be isolated and
purified using the HaloTag system."” They found that the
functionality of the protein was dependent on the terminus of
the protein at which the HaloTag was located. While genetically
fusing the HaloTag to the N-terminus resulted in an inactive
protein, protein activity was maintained when the HaloTag was
positioned at the C-terminus. Furthermore, they utilized
HaloTag resin with detergents to capture the protein, along
with specific tobacco etch virus (TEV) for eluting the receptor
after purification. Similarly, five functional human kinases were
isolated and purified from mammalian cells using the HaloTag
system (Figure 2A).*° In this study, Ohana et al.*® compared
the quantity of isolated protein using different protein tagging
systems, including FLAG, 3X FLAG, His-tag, and HaloTag
(Figure 2B—D). It was found that HaloTag was superior to
other protein tagging systems, providing higher quantity yields
and superior purification of the protein of interest (Figure 2D).

There is a shortage of methods suitable for isolating and
purifying full-length proteins, as larger proteins are often more
strenuous to capture in their functional state.”’ The HaloTag
system was shown to effectively isolate the full-length mouse
coactivator-associated arginine methyl transferase 1 (CARM1)
from mammalian cells using HaloLink resin.””> In addition,
highly efficient isolation and purification of the protein was
achieved through stringent washes. While traditional protein
tagging systems result in loss of protein during washing steps,
the covalent interaction between HaloTag resin and HaloTag
protein limits the amount of unintentional protein loss. Because
the HaloTag platform is rapid and effective, Saul et al
attempted to express 31 full-length proteins using HaloTag in
three distinct systems, Escherichia coli and two commercial cell-
free systems.” Ultimately, they were able to purify 42% of the
test collection of proteins with purity levels greater than 90%.

In addition to isolating proteins for purification, HaloTag-
modified proteins can be immobilized onto various surfaces for
other purposes. For example, Nath et al. showed that cell-free
protein expression systems can be utilized for capturing select
proteins on hydrogel-coated slides containing HaloTag resins.**
Similarly, HaloTag polyproteins were immobilized onto a mica
substrate for analysis with atomic force microscopy (AFM)-
based single molecule force spectroscopy.”® As stated earlier,
proteins isolated using the HaloTag platform are often utilized
for several applications, including the study of protein—protein
and protein—DNA interactions.”® For example, Saito et al.
isolated recombinant ameloblastin from COS-7 cells to study
the inhibitory effects of ameloblastin on epithelial cell
proliferation.”” In this study, HaloTag was utilized for both
the isolation and cellular tracking of ameloblastin, allowing
researchers to show that ameloblastin induced cell cycle arrest
in epithelial cells that led to periodontitis.

Enzyme activity is critical for cell survival, as enzymes are
involved in nearly all intracellular chemical reactions, yet
isolation of functional enzymes can be challenging.***® A study
by Motejadded et al. described a methodology for immobilizing
enzymes using HaloTag resins.”® In this study, 13 ug of
functional protein per milligram of HaloLink magnetic beads
was rapidly isolated for investigating enzyme activity. Several
additional studies have employed the HaloTag platform to
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Figure 2. Functional human kinases isolated and purified from HEK-293 cells using the HaloTag platform. (A) Five human kinases were selected for
isolation and purification. (B) To compare the efficiency of HaloTag to that of other protein tagging systems, PKCy and PI3Ky were transiently
expressed in HEK-293 cells using four protein labeling protocols, including HaloTag, FLAG, 3X FLAG, and His-Tag. Purified proteins were analyzed
by SDS-PAGE. Each protein tagging method resulted in purified protein, yet only HaloTag displayed a single band. The arrow denotes the expected
molecular weight of the protein. (C) Protein recovery was determined using normalized volumes of soluble lysate (S), unbound fractions (FT), and
purified protein (Y) with the addition of a protease using SDS-PAGE and western blot analysis. (D) The HaloTag platform provided the highest
purity of protein for both kinases, as compared to that with the other systems. The percent recovery was also shown to be much higher for the
HaloTag system. Reprinted with permission from ref 20. Copyright 2011 Elsevier.

isolate proteins for functionality studies.>"** Antibodies are
often employed for active targeting and treatment of various
diseases, yet isolation and purification of monoclonal or
polyclonal antibodies are costly and challenging.*> To
demonstrate the feasibility of utilizing HaloTag for antibody
isolation and purification, Hata and Nakayama successfully
purified small volumes of polyclonal antibodies from E. coli
using HaloLink resin.** The authors noted that the quantity of
purified antibody was low, yet the procedure could be scaled up
in the future using higher quantities of HaloLink resin.

The HaloTag system has been used extensively in studying
the cellular processes and movement of ribosomes in live
cells.>>*® Recently, the HaloTag system was used to examine
the general process of translation by anchoring HaloTag
ribosomes to a glass surface.>® A similar study used the same
technique to further explore the process of trans-translation.>
The movement of HaloTag-modified ribosomes was analyzed
in living cells using time-lapse microscopy by Gallo et al.>” This
study revealed that each HaloTag construct must be
characterized before experimentation, as some constructs may
result in overexpression or irregular degradation of the protein
of interest.

In addition to isolation and purification of single proteins, the
HaloTag system can be implemented for isolating protein
complexes and cross-linked protein—DNA complexes directly
from cell lysates.*® In addition, purified protein—DNA
complexes are useful for determining protein binding sites in
the genome using microarray analysis and other molecular
techniques. In one instance, the multiprotein complex
consisting of human eukaryotic RNA polymerases (RNAP) [,
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II, and III was captured using the HaloTag system from
mammalian cells.** Similarly, a hybrid DNA—protein device
based on the activity of cytochrome P450 BM3 was created by
Erkelenz et al. using HaloTag technology, exploiting the
potential use of HaloTag for genetic engineering in the future.*’

B EVALUATION OF PROTEIN FUNCTION

Understanding protein function is critical for the design of new
therapeutic agents.*’ Evaluation of protein function using the
HaloTag system can be executed after the protein of interest is
efficiently captured and purified. For example, Ai et al
investigated the role of proprotein convertase subtilisin-like
kexin type 9 (PCSK9) in both extracellular and cytosolic
locations within individual cells using the HaloTag system.**
This was accomplished using a stable cell line expressing
HaloTag—PCSK9 in combination with two HaloTag ligands.
Cells were incubated with either a cell-permeable ligand
(HaloTag TMR) or cell-impermeable ligand (HaloTag Alexa
Fluor 488), allowing interactions between PCSK9 and low
density lipoprotein receptor (LDLR) to be examined both in
the extracellular and intracellular spaces, respectively. Similarly,
Mossuto et al. used HaloTag to examine the activity of proteins
within early secretory compartments, essentially following the
secretion and degradation of endoplasmic reticulum (ER)
proteins.*® In this study, both individual proteins and protein
aggregates were examined to determine possible protein—
protein interactions.

The HaloTag system can be tailored by researchers for
studying different disease models, including models in
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Figure 3. Hydrophobic molecules induce degradation of HaloTag proteins. (A) Chemical structure of six hydrophobic HaloTag ligands. (B) Human
embryonic kidney cell line, HEK 293T, stably expressing luciferase-modified HaloTag protein was used to measure the biological activity of
hydrophobic HaloTag ligands. (C) NIH-3T3 xenografts expressing HaloTag protein were implanted into mice. Tumor growth was monitored in the
presence of a hydrophobic HaloTag ligand (HyT13). Reprinted with permission from ref 49. Copyright 2011 Macmillan Publishers Limited.

bacteriology and virology. For example, Liu et al. studied the
membrane topology of glycoprotein-41 (gp4l) of human
immunodeficiency virus (HIV) in mammalian cells, striving to
discover the number of membrane-spanning domains (MSD)
of gp4l using HaloTag* Utilizing two distinct HaloTag
ligands, this study revealed that gp41 possesses a single MSD. A
similar study utilizing HaloTag for studying HIV proteins
compared the relative intensity of fluorescence from the
HaloTag system with that of green fluorescent protein
(GFP). HaloTag was shown to be superior in fluorescence
intensity, and the authors noted that HaloTag functioned better
than GFP under acidic conditions.* In addition, HaloTag was
employed for examining the mechanism of HIV-1 glycoprotein
membrane fusion, allowing scientists to determine critical
residues necessary for inhibiting membrane fusion.*
Examination of protein degradation provides clues into the
dynamics of protein function and mechanisms of cell apoptosis.
Inducing protein degradation in certain disease models could
be a potential treatment option in the future.*”** For example,
Neklesa et al. revealed that attaching small hydrophobic
molecules to the surface of a specific protein could result in
protein degradation via cellular processes (e.g, proteasomes
and lysosomes).*” To demonstrate this concept, small hydro-
phobic ligands were designed to specifically bind a HaloTag
protein (Figure 3A). Most of the small hydrophobic ligands
could induce protein degradation at concentrations above 10
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nM, resulting in cell death (Figure 3B). In addition, one of the
novel hydrophobic ligands (HyT13) was shown to inhibit
tumor growth of NIH-3T3 flank tumors that expressed
HaloTag protein (Figure 3C). Results from this study affirmed
that hydrophobic tagging of HaloTag proteins could result in
the degradation of both cytosolic and membrane-bound
proteins. Furthermore, an additional study from this group
examined additional hydrophobic tags capable of inducing
protein degradation.’® Interestingly, it was found that only
certain cases of protein degradation were directly linked to
cellular processes. Other cases of degradation were caused by
the direct binding of the hydrophobic molecule to the protein,
which resulted in conformational changes.

The HaloTag platform has also been employed to study
membrane-bound proteins. For example, HaloTag was utilized
to examine the role of surface-bound glycosaminoglycan in
causing accelerated embryonic stem cell differentiation into
neurons.”’ Similarly, membrane electrical potentials were
studied in conjunction with the HaloTag system using Forster
resonance energy transfer (FRET).** In addition to the study of
membrane-bound proteins, researchers have chemically synthe-
sized mega-molecules with well-defined structures by combin-
ing recombinant proteins with linkers in cooperation with the
HaloTag platform.>
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Figure 4. Pull-down assays for the discovery of protein complexes. (A) Schematic illustration of HaloTag pull-down assays, in which a single
HaloTag construct encoding a bait protein is stably transfected into a cell line. The bait protein interacts with additional proteins, at which time cells
are lysed and captured using HaloLink resin. Pure proteins can be eluted using a detergent (e.g., SDS), or protein complexes attached the bait
protein can be eluted using TEV cleavage. Reprinted with permission from ref §7. Copyright 2014 JoVE. (B) A pull-down assay was performed using
HaloTag-modified RpoA to determine the efficiency of HaloTag to extract multiprotein complexes. M, molecular weight marker; 1, unbound
proteins; 2, washed proteins; 3, eluted proteins after TEV cleavage; 4, eluted proteins after removal of TEV; and 5, concentrated protein sample.
Arrows indicate recombinant HaloTag in lane 1 and cleaved RpoA in lane 3. In addition, a protein interaction map was constructed from data using
MALDI-MS/MS. Reprinted with permission from ref 61. Copyright 2012 Peterson and Kwon.

B ANALYZING PROTEIN-PROTEIN AND
PROTEIN-DNA INTERACTIONS

Most cellular processes are dependent on the formation of
protein complexes.54 A common protein—protein interaction
occurs during cellular signaling when an endogenous ligand
binds to a membrane-bound surface receptor, resulting in an
intracellular effect.*> Monitoring protein—protein and protein—
DNA interactions requires complex techniques, such as pull-
down assays.*® For example, interactions of bromodomain
protein (BRD4) and histone deacetylase (HDACI1) with
additional proteins were examined with the assistance of
HaloTag.*” In this pull-down assay, the bait protein linked to
HaloTag formed standard protein—protein interactions within
the cell. Next, cells were lysed to release the protein complexes
and analyzed with liquid chromatography—mass spectrometry
(LC—MS) to determine interacting proteins (Figure 4A).>
Pull-down assays are relatively common for protein analysis, as
they provide details regarding complex protein interactions and
possibly novel interactions. Additional studies evaluating the
use of HaloTag for the extraction and purification of protein
complexes using pull-down assays have been performed in both
bacteria and mammalian cells.**~%

The capability of covalently linking fluorescent tags to
HaloTag proteins makes it possible to monitor protein
movement in vitro. While this will be discussed further in the
In Vivo Molecular Imaging section, many studies examining
functionality of proteins utilize fluorescence tagging. For
example, HaloTag and SNAP-tag (HaXS) were used in
combination as heterodimers to analyze protein targeting to
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the cytoskeleton, cytoplasm, and Iysosomes.62 An additional
study using a similar technique developed a novel photo-
cleavable chemical inducer of dimerization (CID) using
HaloTag and SNAP-tag systems. This system was utilized to
study the translocation of several cellular organelles while
monitoring protein movement and relocation with heightened
spatiotemporal precision.”> Furthermore, the delivery of
electrophiles to cellular target proteins upon photoactivation
was demonstrated by Fang et al. using the HaloTag platform.**

To study possible interactions of Yersinia pestis type 3
secretion system (T3SS) with other proteins, Peterson and
Kwon developed a novel microarray system in union with
HaloTag technology.’’ This study evaluated the use of
HaloTag for capturing a large protein complex, RNA
polymerase, using RpoA as the bait protein. Using SDS-
PAGE in combination with MALDI-MS/MS, protein inter-
actions were identified, and a protein interaction map was
constructed (Figure 4B).°" Similarly, Camarda et al. employed
GFP and HaloTag protein fusions to discover novel protein
interactions during gametocyte development in Plasmodium
falciparum.®®

Fluorescence resonance energy transfer (FRET) is beneficial
for analyzing protein—protein interactions in living cells.5%7
Padilla-Parra et al. utilized FRET and demonstrated that
HaloTag protein linked with enhanced green fluorescent
protein (GFP) displayed superior fluorescence stability in
comparison to that of other bioconjugated dyes.*® In addition,
FRET was also employed for the detection of nucleic acid using
the HaloTag system.”’
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Physiological Society.

Examination of protein—protein interactions occurring in the
plasma membrane can be challenging due to the poor
permeability properties of various targeting ligands.”® The
HaloTag platform has surmounted these limitations in several
instances, allowing researchers to visualize interactions
occurring among extracellular, intracellular, and transmembrane
proteins through micropatterning techniques.”' For instance,
HaloTag was adapted to investigate the epidermal growth
factor receptor (EGFR)—Ras—extracellular signal-regulated
kinase (ERK) mitogen-activated protein (MAP) kinase path-
way in living cells to measure the dissociation constants of
several protein complexes.”> Values obtained from this study
were adapted for computation simulations to assist in analyzing
possible competitive effects in signal transduction pathways. In
addition, HaloTag has been employed for the investigation of
protein—DNA interactions using high-throughput methods for
functional analysis of human genes’” and conjugation of DNA
oligonucleotides to Fab fragments as a potential cancer
diagnostic tool.”*

B PROTEOMIC ANALYSIS USING PROTEIN ASSAYS

Dismal survival rates of specific diseases can often be linked to
insufficient tools for their early detection.”> To overcome this
pitfall, researchers are investigating novel diagnostic assays as a
route for detecting disease at earlier stages, when treatment is
optimal.”®”” This is particularly important for individuals who
may be more susceptible to disease, such as cigarette smokers
who have an elevated risk of developing lung cancer as
compared to that of nonsmokers.”®”? For this reason, HaloTag
was utilized in the development of a diagnostic assay for
detecting lung cancer in patient samples. The assay was
constructed to examine 14 tumor-associated markers usin§ the
high-throughput Luminex and HaloTag platforms.* In
combination, the assay accurately distinguished >80% of lung
cancer cases from the health control group. Similarly, an
additional HaloTag-modified assay to measure CREB binding
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was shown to function equivalently to the commonly utilized
high-throughput promoter—luciferase reporter assay.*’

Development of novel drug molecules is dependent on high-
throughput testing to investigate the efficacy of potential drug
compounds in cell lines. This process eliminates potential drug
molecules havin% infinitesimal activity versus highly efficacious
drug candidates.”"** HaloTag was utilized by Wagner et al. in
the development of a novel assay to screen potential small
molecule binding inhibitors.*> Similarly, Wang et al. developed
a protein microarray using HaloTag-modified proteins
conjugated to the matrix of the assay plate.** This assay was
functional for both denatured and nondenatured proteins,
adding to the versatility of the technique. In addition, Gu et al.
adapted the HaloTag platform to create DNA-barcoded
proteins for the rapid quantification of protein interactions in
cells.*®

Small molecule microarrays (SMM) are convenient for
screening protein interactions with small molecules.*® Using the
HaloTag system, Noblin et al. was able to construct SMM with
enhanced sensitivity for the multiplex screening of 20 000
compounds.®”” An additional application of the HaloTag
technology is cell sorting by labeling cells using cell-surface
HaloTag proteins alone or in combination with cell viability
markers. In conjunction with flow and laser scanning
cytometry, statistical measurements of protein expression in
individual or groups of cells can be analyzed.*® Similar
techniques were utilized in the development of dual reporter
genes for evaluatin% the process of mRNA splicing using the
HaloTag platform.®

B /N VITRO CELLULAR IMAGING

Imaging protein activity in cells is critical for understanding the
complex dynamics of cellular signaling.”® Individual proteins
can be tagged using the HaloTag system to monitor them
efficiently with microscopic techniques. For example, the
HaloTag system was employed to investigate the primary
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cellular localization of matrix metalloproteinase-2 (MMP-2) in
cardiomyocytes.”’ Through immunofluorescence analysis,
MMP-2 was shown to localize primarily in the endoplasmic
reticullum (ER), with minimal localization in the mitochondria.
Using similar methods, the mechanism of accumulation into
secretory granules of exocrine cells by amylase was visualized
using a partial sequence of salivary amylase protein fused with
HaloTag (Figure 5).°> In this study, two amylase-modified
HaloTag proteins were investigated after ensuring that the
HaloTag conjugation was successful (Figure SA,B). Through
characterization using fluorescent microscopy, they showed that
the HaloTag—amylase protein was similar to endogenous
amylase, as it colocalized in similar cellular regions (Figure SC).

The HaloTag system can be adapted for investigating protein
synthesis and degradation in vitro, as HaloTag proteins emit
light only when bound to fluorescent HaloTag ligands.” For
example, HaloTag was utilized to fluorescently label perox-
isomes in mammalian cells to examine peroxisome protein
synthesis at various times points.”* Similarly, Takemoto et al.
described a process in which a photosensitizing agent (eosin)
modified with HaloTag could be employed for chromophore
reassisted light inactivation.”

To assist in developing new imaging agents for use with the
HaloTag platform, Singh et al. developed a novel class of
oligodeoxyfluorosides (ODFs) that could be used for
fluorescence imaging,”® The novel ODFs were composed of
short oligomers containing fluorescent chromophores in place
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of natural nucleic acid bases. The ODFs could be used for
either cell-surface or cytoplasmic labeling with a broad range of
emission colors and contained a single excitation wavelength. It
was shown that many ODFs undergo color changes or
experience elevated intensities of their fluorescence when the
HaloTag protein interacted with other cellular proteins.” In a
similar study, Liu et al. developed quantum dots targeted with
lipoic acid ligase using the HaloTag platform.”” Two quantum
dots possessing distinct emission spectra were utilized for
imaging single molecules of neurexin in live cells. There have
been additional studies investigating the potential uses of
quantum dots in combination with the HaloTag system for
cellular imaging.”®*® A study by Chen et al. analyzed tissue
factor assembly on DNA target sites using both in vitro and in
vivo single molecule imaging with the HaloTag system.'®
While most protein tagging systems require additional
genetic constructs for comprehensive protein analysis, the
HaloTag system requires only a separate ligand for each
application. For example, HaloTag was employed for
investigating the expression and spatial trafficking of integrin
in individual cells using a fluorescent HaloTag ligand, and an
additional affinity tag was utilized to capture and sort the
cells.'” Several additional studies have utilized the HaloTag
platform for imagin% cellular events, including visualization of
clathrin-coated pits,1 2 monitoring chaperone-mediated autoph-

agy,'” and investigating peroxisome growth and degrada-

)
= 104,105
tion. "
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Recently, Li et al. designed a Zn®* fluorescent indicator using
HaloTag technology to study the dynamics of secretory
granules in living cells.'* Using similar techniques, an
examination of retrograde protein transport in rat symg)athetic
neurons was accomplished using the HaloTag system.'” It is
also important to note that the binding of HaloTag protein to
fluorescent HaloTag ligands can often overcome the photo-
switching artifacts commonly seen with other fluorescent
markers, such as GFP.'%®

The HaloTag system has also been studied in both
prokaryotic and plant cells. Using the HaloTag system, Stagge
et al. developed an electroporation-based labeling technique for
monitoring individual proteins in yeast with super-resolution
microscopy.'” Furthermore, HaloTag was also shown to
effectively cross the cell wall, allowing for real-time imaging of
plant cells in vitro."'® Additional studies have described
methods for super-resolution imaging of live bacteria and
parasites using the HaloTag system.ln’112

B /N VIVO MOLECULAR IMAGING

Tracking of proteins in vivo remains problematic due to the
complexity of biological systems. Molecular imaging remains
the most promising noninvasive method for monitoring disease
progression while providing insight into molecular pathways
occurring in vivo.""® Molecular imaging with the HaloTag
system can be accomplished by transplanting cells expressing
HaloTag proteins into the animal model and subsequently
injecting a dose of the HaloTag ligand."'* Currently, HaloTag
has been successfully utilized for optical/fluorescent, positron
emission tomography (PET), and magnetic resonance (MR)
imaging.

Several studies have adapted the HaloTag technology for
optical imaging techniques. For example, Tseng et al. employed
a HCT116 xenograft model expressinsg HaloTag protein for
whole animal fluorescence imaging.''> The HaloTag ligand
displayed enhanced uptake in the HaloTag-expressing tumor,
with minimal uptake in the control tumor. Similarly, tumor
nodules from cancer cells highly expressing HaloTag receptors
were conjugated with four different fluorophore ligands to
evaluate cellular growth at specific time points."'® In addition,
monitoring hypoxia in vivo was accomplished by successfully
targeting hypoxic regions of the tumor using HaloTag
ligands.""” Similar studies have utilized the HaloTag platform
to investigate autophagy and cellular hypoxia usin§ automated
fluorescence microscopy and flow cytometry."'®"'!

The HaloTag platform has also been evaluated for use in
PET and MR imaging as potential imaging agents. Hong et al.
employed a breast cancer model (4T1) expressing HaloTag to
investigate the uzptake of novel radiolabeled HaloTag ligands for
PET imaging."*”"*' Two novel radiolabeled ligands were
synthesized and termed NOTA-HTL2G-S and NOTA-
HTL2G-L. The ligands were identical except for the length
of poly(ethylene glycol) (PEG) chains, with ligands having
short (S) or long (L) PEG chains (Figure 6A)."*° Uptake of
NOTA-HTL2G-L was significantly higher than uptake of
NOTA-HTL2G-S in the HaloTag-expressing tumor (Figure
6B), successfully validating the potential use of HaloTag for
PET imaging.120 In addition, blocking studies confirmed that
NOTA-HTL2G-L binds specifically to the HaloTag-expressing
cell line, providing additional evidence that accumulation was
not attributed to passive targeting effects.

In comparison to PET imaging, MRI suffers from low
sensitivity and elevated background noise. Contrast agents are
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provided to improve sensitivity in some instances. Recently, a
novel HaloTag ligand was investigated as a potential MR
imaging agent by Strauch et al, who developed a HaloTag—
Gd(II) complex known as 2CHTGd."** The novel contrast
agent, acting as a HaloTag ligand, resulted in a 6-fold increase
in relativity when the ligand reached the target tissue. In
addition, the ligand possessed a prolonged circulation time,
allowing for more imaging opportunities.

B CONCLUSIONS

HaloTag is a versatile protein labeling system that can be
utilized for several biomedical applications, as summarized in
Table 1. While traditional protein tagging systems are limited to

Table 1. Select Proteins Successfully Isolated and Purified
Using the HaloTag Platform

protein
category examples refs
cell CB,, gp4l 19, 44, 46
membrane
intracellular SRC-1, PKCy, PI3Ky, CARM-1, PCSKO9, 20-22, 42,
BRD4 57
extracellular Ameloblastin, MMP-2, glycosaminoglycans, 27, 51, 91,
Amylase 92
enzymes RNA Polymerase, RpoA, Cytochrome P450 39, 40, 61
antibodies Polyclonal, Fab fragments 33, 34, 74
ribosomes 35-37

protein isolation and purification, the HaloTag system has
overcome this limitation, as a single genetic construct allows
proteins to be comprehensively analyzed. This review has
presented the current applications of HaloTag for protein
analysis, demonstrating that HaloTag can be employed for
protein isolation and purification, evaluating protein function,
investigating protein—protein and protein—DNA interactions,
detecting disease through assays, monitoring protein movement
and localization in vitro, and imaging in vivo.

While this review has mentioned several advantages of the
HaloTag platform for protein labeling, there are some
limitations that should be addressed in future studies. One
limitation of the HaloTag system is the requirement of various
ligands for different applications; thus, its applications may be
limited by the availability of ligands. Researchers may design
their own HaloTag ligands if a ligand does not currently exist
for the application of interest. An additional limitation of the
HaloTag system occurs when the addition of a protein tag
results in an inactive protein. In most cases, functionality of the
protein can be restored by attaching the HaloTag protein to the
opposite terminus of the protein. For example, Locatelli-Hoops
et al. had to attach the HaloTag at the C-terminus of the
protein, as attachment at the N-terminal location resulted in an
inactive protein.19 Additionally, the HaloTag protein can
demonstrate alterations in protein function, as the tag may
result in conformational changes.

While this review has focused on HaloTag technology, there
are several other commercially available protein taggin
systems, including His-tag,123 FLAG—tag,124 SNAP-tag,12
LigandLink,126 and AviTag,m7’128 among others. His-tag is
the most widely employed system, as the small size of the tag
results in minimal alterations in protein conformation or
function.'”® While it is effective for isolation of most proteins,
some disadvantages of the His-tag system include low purity
due to the co-elution of other histidine-rich proteins, potential
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degradation of the tag, and dimer or trimer formation.'*

FLAG-tag is another widely employed protein tagging system,
as it produces highly purified protein for cellular imaging and
other applications, yet this system is often limited by expensive,
low-capacity resins.” A newer system called LigandLink utilizes
the binding ability of a modified bacterial dihydrofolate
reductase for trimethoprim, through construction of trimetho-
prim-coupled fluorescent ligands.'*® Additionally, there are
several other protein tagging systems currently available or in
development, yet each system is often application-specific.

Because each protein tagging system has advantages and
disadvantages, researchers should choose a system that will best
align with their experimental goals. In general, all fusion tag-
based systems are designed to specifically label a protein of
interest for various applications. The main differences between
systems are the type of tag utilized (peptide, chemical) and the
molecular mechanism of the tagging system. ® In general,
antibodies remain an optimal method for protein isolation and
analysis, yet they are expensive and not available for all targets.
This review focused on the versatility of the HaloTag system, as
other systems are often limited to one or two applications. In
addition, there are several potential uses of the HaloTag
platform. Some potential applications of the HaloTag system
include the formation of novel assays for detecting genetic
diseases, photoacoustic imaging of orthotopic tumors express-
ing HaloTag in vivo, and further evaluation of highly complex
protein interactions. Since this technology is relatively new,
there is still limited research into all of the potential biomedical
applications of HaloTag.
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