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Abstract: Understanding protein function and interaction is central to the elucidation of biological processes. Systematic
analysis of protein interactions have shown that the eukaryotic proteome is highly interconnected and that biological
function frequently depends on the orchestrated action of many proteins. Perturbation of these functions or interactions
can lead to various disease states and pharmacologic intervention can result in corrective therapies. The fact that proteins
rarely act in isolation, but rather comprise complex machines that stably and/or transiently interact with many different
partners at different times, demands the need for robust tools that allow comprehensive global analyses of these events.
Here we describe a powerful protein fusion technology, the HaloTag platform, and how it enables the study of many
facets of protein biology by offering a broad choice of applications. We review the development of the key aspects of the
technology and it’s performance in both in vitro and in vivo applications. In particular, we focus on HaloTag’s
multifunctional utility in protein imaging, protein isolation and display, and in the study of protein complexes and

interactions. We demonstrate it’s potential to help elucidate important facets of proteomic biology across complex
biological systems at the biochemical, cell-based and whole animal level.
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INTRODUCTION

Study of proteins and elucidation of their function is cen-
tral to our understanding of biological processes at the cellu-
lar and whole organism level. Given that protein interactions
are focal points in almost all biological processes, the study
of protein interactions among themselves and with other
molecules continues to expand and occupy a center stage in
research. Contributing to the efforts for deciphering protein
function is the explosion of new experimental tools for the
study of genomics and proteomics. Among the many ap-
proaches in proteomics, one of the most common is tagging
of proteins with protein fusion tags, in order to equip pro-
teins with additional functionalities that allow specific pro-
tein manipulation. Many different protein tags have been
developed and two classes in particular have profoundly af-
fected how proteins are studied in vivo and in vitro: auto-
fluorescent and affinity tags. Auto-fluorescently tagged pro-
teins revolutionized the way protein function is studied in
living cells [1-3]. These tags are useful not only for protein
localization studies, but also for the study of dynamic proc-
esses, conformational changes and protein-protein interac-
tions. Similarly, affinity fusion tags transformed the in vitro
analysis of proteins. Affinity tags provide a selective and
efficient tool for protein isolation and immobilization [4-7].
They may also provide some advantage of enhancing solu-
bility and stability thereby permitting higher level of soluble
protein to be expressed [8, 9]. The number of new affinity
tags and applications for their use continues to expand
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[8, 10-13]. However, there are limitations to these technolo-
gies. With auto-fluorescent proteins we are limited with re-
spect to the types of fluorophores and, in addition, these tags
often do not provide ready options to isolate and immobilize
proteins for in vitro studies. The use of an additional affinity
tag (e.g. His tag) is then required for protein immobilization
when using fluorescent proteins. Alternatively, affinity tags
provide a very efficient method for in vitro protein studies,
but they do not enable specific labeling and imaging of pro-
teins in living cells. Thus, comprehensive analysis of protein
function often requires use of multiple tags and therefore
multiple genetic constructs and, importantly, multiple as-
sumptions regarding the null effects of these various addi-
tions. Thus, using multiple tags is not only less efficient but
it also complicates data comparison across these multiple
platforms. The desire to combine the advantages of both of
these technologies and overcome some of the limitations has
driven the development of a new category of protein tags,
one where a single tag could be readily reconfigured to meet
different experimental needs. The approach utilizes a single
protein tag, the function of which can be altered by attaching
various chemical moieties (fluorescent labels, affinity han-
dles, etc.). This approach benefits from the specificity and
ease afforded by using one genetically encoded protein tag
with the functional diversity and adaptability supplied by
synthetic chemistry. Several such multi-functional tags have
recently been developed such as HaloTag, Tetra-cysteine tag,
and SNAP-tag [12, 14-20]. In this article we will focus on
the HaloTag technology highlighting the principles of its
performance, development, functional diversity, and multiple
applications which enable a comprehensive analysis of pro-
tein biology.
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OVERVIEW OF THE HALOTAG TECHNOLOGY

HaloTag technology consists of two elements, the Halo-
Tag protein, a protein fusion tag which can be genetically
fused to any protein of interest (POI), and a variety of or-
ganic molecules, HaloTag ligands, which irreversibly bind to
HaloTag protein. To achieve efficient and specific binding of
HaloTag protein with several different ligands we designed
the ligands so that they all comprise two elements; the con-
stant reactive group and a variable functional/reporter group.
The reactive group consists of a chloroalkane, the substrate
necessary for covalent attachment to the HaloTag protein. As
this reaction is conserved, the reactive group remains con-
stant for all ligands. The remaining part of the ligand, the
functional group, encompasses many different entities in-
cluding different fluorescent dyes, affinity handles (e.g. bio-
tin, etc.) or solid supports (e.g. resins). This diversity of the
HaloTag ligands bestow different functionalities onto Halo-
Tag fusion protein allowing for numerous means to study
proteins, ranging from protein imaging to protein capture
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and display. In summary, one genetic protein fusion con-
struct can be used in various biochemical, cell-based and
even whole animal protein analysis studies (Fig. 1).

DEVELOPMENT OF HALOTAG PROTEIN AND
LIGANDS

Several criteria were considered during the development
of HaloTag to ensure optimal performance and broad utility
of HaloTag-POI fusions. Important considerations included:
the reversible or irreversible nature of attachment of chemi-
cal functionalities (ligands) to the protein, high specificity of
ligand binding, ability to perform reactions in vitro, in living
cells and ideally also in whole animals. In addition, we fo-
cused on particular attributes of HaloTag ligands that differ-
entiate them from other systems, such as the highly efficient
reactivity with protein even at low protein concentration
within timescales compatible with biological processes.
Many different chemical functionalities (HaloTag ligands)
have now been created by us and others, without affecting
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Fig. (1). Multiple functionalities of the HaloTag™ Technology.
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A. Schematic of the HaloTag technology consisting of the HaloTag protein and a selection of synthetic HaloTag ligands carrying different
functional groups. HaloTag protein can be easily fused to any protein of interest (POI). HaloTag ligands specifically and covalently bind to

the HaloTag fusions.

B. Schematic representation of HaloTag-TMR ligand binding to the active site in the binding tunnel of HaloTag protein. HaloTag ligands
with different functional groups such as surfaces, fluorescent dyes or reactive groups are shown; the constant binding group (chloroalkane) is
highlighted by the grey shaded rectangle.The ligands, depending on functional group impart multiple functions to a HaloTag fusion protein
including imaging, immobilization and others. Thus one genetic construct can be used in various in vitro and in vivo assays.
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the specificity and kinetics of binding, ensuring that the
ligands are not toxic to the cell and, when appropriate, cell
permeable. In order to enable broad utility and easy adop-
tion, most of these ligands are commercially available, easy-
to-use, and do not require any special knowledge of chemis-
try synthesis.

The considerations described above played a critical role
in our selection of the system that was used for development
of HaloTag. We chose the bacterial haloalkane dehalgenase,
because it exhibits features that allowed us to develop a tag
with all the desired attributes. A brief summary of the devel-
opment and optimization is described below; a more com-
plete description of the evolution of HaloTag can be found in
work by Los and Encell [20, 21].

The bacterial dehalogenase catalyzes a reaction that
forms a covalent transition state intermediate with the
chloroalkane substrate. This covalent bond is subsequently
hydrolyzed, releasing the substrate and regenerating the ac-
tive site [20, 22]. It was previously shown that mutating a
histidine residue in the active site of the dehalogenase from
Xanthobacter prevented hydrolysis of the covalent bond,
leading to formation of a irreversible bond with the substrate
[23]. By applying an analogous mutation to the Rhodococcus
dehalogenase we showed that an irreversible (covalent) bond
can readily be formed with chloroalkane derivatives. The
protein carrying this mutation was then called HaloTag and
the chloroalkane derivatives, HaloTag ligands [20]. Together
they allowed for development of a system where HaloTag
ligands carrying different functional groups could be perma-
nently associated with the protein thereby imparting many
different functionalities onto the protein.

The fact that dehalogenase is monomeric, relatively small
(33 kDa) and that neither eukaryotic cells nor most bacteria
(e.g. E. coli) possess the haloalkane dehalogenase or its
ligands provide excellent advantages. There is no endoge-
nous equivalent in any of the standardly used experimental
biological systems which would compete for binding of Halo
Tag ligands and interfere with its specificity and efficiency.
However, certain important performance attributes were still
lacking in the original HaloTag variant. For example, the
slow kinetics of substrate binding of HaloTag posed a sig-
nificant limitation. In an effort to improve the properties of
HaloTag, it was subjected to several rounds of site specific
and random mutagenesis. The result was a HaloTag exhibit-
ing a rapid substrate binding rate, comparable to that of
tetrameric streptavidin with biotin [20 ,21]. This protein en-
gineering process also improved the thermostability and
solubility properties of HaloTag. The resulting HaloTag pro-
tein displayed rapid, specific and covalent binding to the
HaloTag ligands and allowed for expression of highly solu-
ble fusion proteins in the absence of any endogenous com-
petitors in essentially any biological system of interest.

As noted above, all HaloTag ligands comprise the same
chloroalkane based binding group, onto which a variety of
functional groups are appended using standard chemical syn-
thesis. A series of fluorescent HaloTag ligands were devel-
oped by coupling TMR, Oregon Green, Coumarin, Alexa
Fluor® 488, Alexa Fluor® 660 and R110 dyes with the reac-
tive binding group. The resulting ligands readily permeate
into mammalian cells, with exception of the Alexa Fluor 488
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substrate, which is an important cell impermeable variant.
Importantly, at the appropriate concentrations these ligands
show no cytotoxicity. Thus, with these fluorescent dyes it is
now possible to make any HaloTag-POI fusion permanently
fluorescent and, in addition, by selecting different dyes it is
possible to label the HaloTag fusion with different fluores-
cent dye in different experiments or even at different time
points within the same experiment.

To enable applications beyond fluorescent labeling, such
as protein capture and display, HaloTag ligand surfaces were
generated. Significant efforts were dedicated towards devel-
opment of surfaces with very low nonspecific binding and
efficient specific binding of HaloTag fusion proteins. Cur-
rently three formats of surfaces, magnetic resin, non-
magnetic resin and glass slides enable HaloTag mediated
protein immobilization and display. Further development of
new HaloTag surfaces, fluorescent ligands and ligands with
other functionalities should allow creation of additional ap-
plications of HaloTag. The availability of HaloTag reactive
intermediate substrates (reactive ligands), consisting essen-
tially of the binding group carrying a reactive group, enables
creation of custom reagents by adding any functional group
of interest following standard chemical synthesis. This sub-
strate has allowed the development of novel applications by
other users [24-29]. Several key applications of HaloTag are
described below.

KEY APPLICATIONS OF HALOTAG TECHNOLOGY
a. Protein Imaging

Selective protein visualization through creation of ge-
netic fusions is a powerful analytical method commonly used
to elucidate protein function in complex biological environ-
ments such as cells or organisms. Unlike GFP, HaloTag and
HaloTag-POI fusions are per se not fluorescent, but rather
they only become fluorescent upon the addition of a fluores-
cent HaloTag ligand. This is an important distinction as it
gives spatial and temporal control of labeling. The process of
fluorescent labeling is simple and rapid requiring only the
addition of the fluorescent HaloTag ligand to the media for a
brief 15-30 min incubation followed by a few quick washes.
Wash steps can be avoided by using an optimized concentra-
tion of the ligand such as HaloTag R110Direct ligand. This
ligand is simply added to the cell media at the time of plating
of the cells. The labeling on demand aspect of HaloTag fu-
sions allows for development of unique applications such as
pulse chase and differential spatial labeling of proteins. Tra-
ditionally, metabolic pulse-chase with isotopically labeled
amino acids has been used to monitor stability and synthesis
of specific proteins in cells [30]. The low temporal resolution
of this method limits the use of this approach especially
when studying proteins with relatively long half-lives. The
ability to rapidly label proteins at a particular time point in
combination with availability of different fluorescent ligands
makes HaloTag particularly suitable for pulse chase based
analysis of protein turnover [31]. In a typical experiment a
HaloTag-protein fusion is labeled with one of the available
fluorescent ligands (e.g. green), followed by removal of this
ligand by media exchange and addition of a ligand with a
different color (e.g. red). The second ligand is present in the
media throughout the duration of the experiment and will
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specifically label all newly synthesized protein in red, while
the old protein remains green. As a result of this process the
two pools of protein can be distinguished allowing analysis
of degradation and synthesis. Importantly, it is the covalent
binding property of HaloTag ligands that imparts long-term
fluorescent labeling and prevents dissociation of the first
bound ligand from the labeled protein while subsequent la-
beling is occurring with the second added ligand. The rapid
binding kinetics is also important since it allows labeling of
cellular proteins in minutes and ensures complete labeling of
low abundant proteins, which is critical during the short
pulse labeling phase. Without these performance attributes of
HaloTag, the complete labeling of the first protein pool
would be compromised.

Dual labeling using different fluorescent ligands can also
be used if studying membrane bound versus intracellular
protein populations. In this approach the different color
ligands also differ in regards to permeability. By combining
a cell permeable ligand in one color with a non-permeable
ligand of different color we can differentially label surface
exposed proteins where HaloTag is exposed on the cellular
surface, from the intracellular pool of the same protein. This
affords analysis of protein trafficking, endocytosis and study
of membrane protein biology [32].

Other imaging applications such as super-resolution im-
aging and single molecule imaging approaches have also
adopted HaloTag technology [24, 33-36]. In one of these
studies the observation was made that the relatively hydro-
phobic nature of HaloTag ligand appeared to support more
efficient permeation of the super-resolution dye (ATTOG655)
when coupled to the HaloTag reactive ligand using the N-
hydroxyl succinimidyl chemistry [33]. Combination of pho-
toactivatable fluorescent proteins and HaloTag-ATTO655
allowed for multi-color super-resolution imaging of live cells
and submicroscopic resolution of receptor organization in
the plasma membrane. HaloTag imaging can also provide
the means of reliably measuring intracellular pH by precise
targeting of 5(and 6-) carboxyseminaphthorhodafluor
(SNARF-1) to sub-cellular compartments. This was accom-
plished by coupling SNARF-1 to the HaloTag reactive
ligand and by generating HaloTag fusions with proteins
which reside in specific sub-cellular locations such as nu-
cleus or cytoplasm [37]. The localization of HaloTag protein
fusions is dictated by the fusion partner allowing targeted
positioning of HaloTag protein to different cellular com-
partments. Subsequently, cells are treated with the HaloTag
ligand carrying the pH sensor dye (SNARF) which binds to
HaloTag protein localized to a particular location in a cell.
Depending on the pH of the environment the fluorescent
signal of SNARF changes allowing discernible measurement
of pH in different locations.

The simplicity and flexibility of the technology makes
this system amenable for development of other imaging ap-
plications and recently, in vivo animal imaging using Halo-
Tag has been reported [26, 28, 38]. In these studies in vivo
imaging in animal models expressing HaloTag fusions on the
surface of tumorigenic cells were performed allowing detec-
tion of growing tumors upon injection into animals using a
variety of different fluorescent or PET HaloTag ligands.
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b. Protein Purification, Isolation of Protein Complexes
and Display of Proteins

As noted earlier HaloTag is a powerful tool for purifica-
tion of proteins, isolation of cellular protein complexes (pro-
tein-protein and protein-DNA), and for protein capture and
display. To utilize HaloTag for direct protein purification, a
chromatographic matrix carrying the chloroalkane ligand
(HaloLink resin) was created. The covalent nature of the
HaloTag-fusion protein capture combined with rapid binding
kinetics overcomes the equilibrium-based limitations associ-
ated with traditional non-covalent affinity purification and
enables efficient capture of target proteins even at very low
abundance. Furthermore, it allows for extensive and strin-
gent washing without loss of bound protein due to diffusion.
While the covalent association clearly has its advantages it
also creates a challenge in eluting the protein of interest. As
the covalent bond between HaloTag and chloroalkane cannot
be readily reversed, traditional approaches to elute proteins
from the resin cannot be utilized. Instead the protein of inter-
est can be released by specific protease (TEV) cleavage, as
the TEV protease recognition site is present between the
HaloTag and the fusion partner. Upon cleavage, HaloTag
stays bound to the resin while the fusion partner is released,
yielding highly pure protein free of tag. It is important to
note that a few amino acids of the linker segment connecting
the two proteins remain associated with the protein after the
cleavage. Depending on the N or C orientation of the Halo-
Tag, 6 or 13 amino acids of the linker sequence, respectively,
remain with the purified protein.

Successful purification of functional proteins generally
requires efficient expression of recombinant proteins in
soluble form. This is especially a challenge when heterolo-
gous or large proteins are expressed in E. coli, one of the
most frequently used expression hosts due to easy manipula-
tion, rapid growth and low cost [39-41]. One approach to
overcome the limitations of low expression of soluble pro-
tein is to optimize expression conditions such as tempera-
ture, growth media, induction conditions etc. To simplify the
screening of these variables, fluorescent tags such as GFP
have been utilized [42, 43]. HaloTag offers an excellent al-
ternative not only because it is an excellent purification tool,
but also because it allows for easy fluorescent detection and
quantitation of expressed proteins. Furthermore, unlike GFP,
the HaloTag fluorescent signal survives boiling and SDS-
PAGE gel electrophoresis and therefore allows for gel based
resolution and quantification using the fluorescent signal.
Thus, HaloTag can be used for rapid screening and purifica-
tion. Since HaloTag protein labeled with fluorescent Halo-
Tag ligand can no longer bind to the resin, the labeling reac-
tion is performed on small aliquots of the sample. The utility
and superior performance of this system for purification of
proteins from E. coli has been demonstrated [44]. In the
same report the authors also note that HaloTag improves the
solubility of the fusion proteins.

There is an increasing need and desire to express and
purify mammalian derived proteins directly from cultured
mammalian cells retaining the physiological relevance and
providing a more compatible environment for producing
properly folded and functional mammalian proteins. Mam-
malian cells possess the proper machinery to produce mature
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proteins through proteolytic processing and are able to carry
out relevant post—translational modification (PTM) which
many proteins require for biological activity [45-47]. There-
fore, achieving satisfactory purification of proteins from
mammalian cells is of high interest and importance. Unfor-
tunately, many of the traditional affinity tags that have been
developed, fail to adequately purify proteins from mammal-
ian cells. This is often due to inefficient binding of the
tagged proteins to their purification matrices at lower protein
expression levels typically observed in mammalian cells, as
well as the nonspecific binding of endogenous proteins with
similar affinities resulting in lower yields and purity of re-
covered proteins [48-50]. These limitations are reduced sig-
nificantly when HaloTag is used for purification of proteins
from mammalian cells. This is due to the performance attrib-
utes of HaloTag described above; the high binding rate, the
covalent binding and TEV specific release all work in con-
cert to improve protein recovery, purity and yield. Absence
of proteins analogous to HaloTag in mammalian cells also
contributes to improved purity of proteins purified via Halo-
Tag. Moreover, HaloTag fluorescent detection can be used
for easy evaluation of optimization of expression and pa-
rameters such as transfection conditions, culturing condi-
tions, expression clone selection, etc. [51, 52].

Protein interactions, protein complexes and networks
remain the focal point of current studies in cellular biology.
Significant effort has been focused on analysis of global pro-
tein network analysis and genome mapping. Trapping both
transient and often weak protein interactions presents a sig-
nificant challenge as dissociation occurs before complexes
can be adequately captured. The same properties which
benefit HaloTag-based purification also make HaloTag espe-
cially well suited for capture of protein complexes directly
from mammalian cells. Rapid and highly specific capture of
HaloTag eliminates the need for long binding incubations
and extensive washing thereby increasing the chance of re-
covery of transient interactions. With this approach a number
of known transiently interacting partners of RNAP Il were
identified, in addition to three previously uncharacterized
interacting proteins [53]. A similar approach was also used
to capture cross-linked protein-DNA complexes providing an
antibody free alternative to ChIP analysis [54].

Importantly, the same HaloTag fusion used for isolation
of various protein complexes can also be used for covalent
capture and surface display and further confirmation, valida-
tion or discovery of new protein interactions. The system
was uniquely designed for allowing specific capture of the
proteins onto glass slides (HaloLink protein arrays system)
and other surfaces directly from lysates, thus alleviating the
need for tedious protein purification, a major bottleneck in
fabrication of current protein arrays.

The advantage of this system is that unlike other covalent
immobilization techniques, where binding of protein is
through multiple attachment sites and leads to random, often
improper orientation, immobilization using HaloTag is a
single point attachment through its active site ligand and
therefore provides uniform orientation of the POI. Single
point, oriented attachment increases capacity, effectiveness
and reproducibility of the system preventing surface induced
protein unfolding and improving protein activity and native
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conformation [55]. The need for protein specific optimiza-
tion of capture conditions is also eliminated as the immobili-
zation relies on the same chemistry, namely attachment of
HaloTag to the HaloTag ligand-modified surface. This sim-
plifies the process, and significantly improves the uniformity
of the arrays and reproducibility of the assays. The rapid
preparation of HaloTag-fusion arrays and excellent perform-
ance opens-up the possibility for screening hundreds or thou-
sands of different protein interactions [56, 57].

c. Protein Degradation

The various applications and analyses described above
are invaluable for studies directed at the elucidation of pro-
tein function. Such studies are often complemented by ap-
proaches that attempt to achieve specific disruption/ elimina-
tion of the activity of proteins in an effort to understand the
underlying mechanisms governing a particular biological
system. Historically, methods such as genetic knock-out
technology, mutagenesis, antisense RNA and RNA interfer-
ence (RNAI) have been used to specifically alter or eliminate
a function of a particular protein. However, these methods
are all indirect effectors of the POI and suffer from genetic
compensation, low time resolution and can be difficult to use
in live animals. HaloTag provides a new analytical tool for
specific and direct protein depletion or inactivation of pro-
tein function at the protein level [27, 29, 58, 59]. Studies
showed that binding of HaloTag ligands carrying a hydro-
phobic moiety to HaloTag fusion proteins destines these pro-
teins for effective proteosomal degradation. This novel hy-
drophobic tagging technology of HaloTag fusions efficiently
induced degradation of proteins in cell culture systems, as
well as directly in animals, potentially making this system
ideal for validating potential drug targets in disease models
[29, 58].

Clearly, one major effort of biological research is to un-
derstand protein function and the interactions which regulate
the majority of cellular processes. Development of new tools
enabling a more comprehensive analysis of proteins is essen-
tial for furthering our understanding of this complex field.
Here we presented a powerful platform, based on HaloTag
technology, which offers both the reality and future promise
of overcoming many of the limitations of current protein
analysis approaches.
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