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Abstract

Visualizing and manipulating behavior of proteins is crucial to understanding the physiology of 

the cell. Methods of biorthogonal protein labelling are important tools to attain this goal. In this 

review, we discuss advances in probe technology specific for self-labelling protein tags, focusing 

mainly on the application of HaloTag and SNAP-tag systems. We describe the latest developments 

in small molecule probes that enable fluorogenic (no wash) imaging and super-resolution 

fluorescence microscopy. In addition, we cover several methodologies that enable the perturbation 

or manipulation of protein behavior and function towards the control of biological pathways. Thus, 

the current technical advancement on the HaloTag and SNAP-tag systems are becoming powerful 

tools to enable the visualization and manipulating of biological processes, providing invaluable 

scientific insights that are otherwise difficult to obtain using traditional methodologies. As the 

multiplex self-labelling protein tag systems continue to be developed and expanded, the utility of 

these protein tags will allow researchers to address previously inaccessible questions at the 

forefront of biology.

Graphical Abstract

We review recent chemical probe development for self-labelling protein tags, focusing on the 

HaloTag and SNAP-tag systems. Content includes the recently developed small molecule probes 

for fluorescence microscopy and several methodologies that perturb or manipulate biological 

processes in live cells. Future development on self-labelling protein tags will allow for enabling 

methods to address previously inaccessible biological questions.
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1. Introduction

Methodologies to probe the behavior and function of biological macromolecules in vivo 
mandate a certain standard of selectivity to ensure the fidelity of results and minimize off-

target background noise. The challenge of rapid, selective, and covalent protein labelling in 
vivo is exacerbated by the complexity and reactivity of the cellular environment. As such, 

bioorthogonality has become key to assay design and method development in chemical 

biology laboratories that aim to visualize and perturb protein-based life processes. While 

methods in molecular recognition through high affinity binding with antibodies allow for 

selective enrichment and fluorescence imaging, they fall short in the observation of dynamic 

systems as these techniques require cell fixation. However, real-time surveillance of protein 

behavior can be accomplished with the power of genetic fusion. Most notably and wide 

spread is the utility of fluorescent protein tags, which upon fusion to a protein of interest 

(POI) can be used to directly report on the expression and localization of a specific protein 

in vivo. In addition to fluorescent proteins, self-labeling protein tags have become another 

powerful set of chemical tools that offer flexibility of imaging assays and feasibility of 

allowing chemical manipulation of POIs.

In this minireview, we focus on the recent developments in methods of visualizing and 

manipulating biological systems using small molecule probes for self-labelling protein tags. 

With a focus on HaloTag and SNAP-tag, we describe the fluorescence imaging methods to 

track protein localization and stability as well as molecular tools and strategies for the 

manipulation of protein systems. Further we describe how in tandem with these described 

ligands, HaloTag and SNAP-tag based systems can be used as probes themselves to report 

on the health of the cellular proteome. Our aim is to provide a comprehensive outlook on the 

current state of the self-labelling protein-tag toolbox in order to provide a perspective on the 

future of the field.

2. Self-labelling protein tags

Self-labelling protein tags are small (<40 kDa) suicide proteins designed for covalent 

conjugation to a small molecule probe functionalized with a biorthogonal linker. In this 

manner nearly any probe that can be functionalized with appropriate linker can be 

conjugated to its respective tag and be used to visualize or manipulate the function and 

dynamics of a fused POI. An ideal self-labelling tag would possess several characteristics; 

small size to minimize perturbance of the POI, rapid labelling kinetics, low substrate 

promiscuity, and sufficient thermodynamic stability. Many of such tags have been 

developed, including HaloTag derived from the haloalkane dehalogenase,[1] SNAP-tag 

derived from human O6-alkylguanine DNA alkyltransferase,[2] CLIP-tag derived from 

SNAP-tag,[3] PYP-tag derived from the photoactive yellow protein in purple bacteria,[4] 

DHFR-tag derived from dihydrofolate reductase,[5] BL-tag derived from β-lactamase,[6] and 
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RA-tag derived from de novo designed retroaldolase.[7] These tags have been introduced and 

summarized extensively in previous review articles.[8] The scope of this review, however, 

will focus specifically on the application HaloTag and SNAP-tag provided the versatility and 

broad commercial availability of probes for these tags.

2.1. HaloTag

Developed by Promega in 2008, HaloTag is a protein tag engineered from a bacterial 

haloalkane dehalogenase (DhaA, Rhodococcus).[1] The wild-type protein catalyzes the 

hydrolysis of a chloroalkane substrate via a Glu-His-Asp catalytic triad beginning with SN2 

displacement of the substrate halogen by the active-site aspartate residue.[9] The resulting 

ester intermediate is then hydrolyzed via nucleophilic acyl substitution by a water molecule 

activated through general-base catalysis via the active-site histidine residue.[9c] Wood and 

co-workers engineered DhaA to irreversibly capture the covalent ester intermediate by 

substituting this histidine for a catalytically inactive phenylalanine residue through 

mutagenesis, yielding HaloTag in the form of the DhaA(H272F) mutant.

With rapid labelling kinetics (2.7×106 M−1s−1) and high stability (ΔGfolding = −5.6 kcal/

mol), HaloTag rapidly and reliably conjugates to probes functionalized with a chloroalkane 

linker (Table 1, Figure 1A).[1,10] Comparatively to other self-labelling protein tags, 

HaloTagis rather large in size (33 kDa). Fusion of such a large domain may perturb the 

native function of the protein of interest, but HaloTag’s size and net negative charge at 

physiological pH (pI ~5.0) allows it to act as a solubility tag in protein purification methods 

with reduced propensity for aggregation.[11]

2.2. SNAP-tag

Developed by Kai Johnsson’s lab, SNAP-tag is derived from human O6-alkylguanine-DNA 

alkyltransferase (hAGT).[2,12–13] hAGT is a native DNA repair protein that irreversibly 

transfers an alkyl group from O6 of an alkylguanine substrate to an active site cysteine 

residue via an SN2 mechanism (Figure 1B).[14] Johnsson’s efforts utilized directed evolution 

and random mutagenesis of hAGT to develop SNAP-tag to reduce protein-DNA interactions, 

improve labelling kinetics and specificity for an O6-benzylguanine substrate, garner 

resistance to wild-type hAGT inhibitors, and decrease size and remove excess cysteines.
[2,12–13] While slower than HaloTag, SNAP-tag rapidly binds to an O6-benzylguanine 

equipped ligand (k = 2.8×104M−1 s−1) (Table 1).[3] The smaller size of SNAP-tag offers less 

overall perturbation of the dynamics and function of the POI. Notably, the engineered 

SNAP-tag is resistant to trypsin digestion upon alkylation and demonstrates superior 

stability (TM = 67°C) relative to wild-type hAGT (TM = 50°C) (Table 1).

3. Fluorescent probes for cellular imaging

In vivo visualization of protein dynamics is key to discovering the role of proteins in cellular 

processes. Compared to fixed cell methods of microscopy such as immunofluorescence or 

standard fluorescent protein tags, self-labelling protein tags offer a means of orthogonal 

protein labelling in live cells. This probing strategy confers the advantages of small molecule 

organic fluorophores engineered with favorable photophysical properties for both standard 
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and advanced, super-resolution microscopy[15] while simultaneously expanding 

experimental methodologies to allow for pulse-chase based assays to observe the fate of a 

POI following perturbation.[3,16] As such, the development of probes for self-labelling 

protein tags functionalized for fluorescence microscopy remains an advancing field of 

research. Provided the extensive progress in fluorescence microscopy over the latest 

decades, these techniques have been extensively reviewed elsewhere.[17] Instead, here we 

focus on recent developments in the tools employed within those techniques such as (1) 

“always on” fluorescent labelling probes, (2) fluorogenic probes for no-wash, live cell 

imaging, and (3) fluorogenic technologies for the visualization of protein dynamics.

3.1. “Always-on” labelling probes for HaloTag and SNAP-tag

In order to label and track the expression or localization of POI by fluorescence microscopy, 

an employed label must be constitutively fluorescent, or “always-on”. Fluorescent protein 

tags, such as GFP, are commonly used for these purposes, but self-labelling tags can 

accomplish the same goal when combined with an effectively bright fluorescent probe. 

Furthermore, many of these general labelling probes possess the inherent properties 

(stochastic blinking or photoswitchability) necessary for the execution of nanometer-

resolution microscopic techniques. An array of these types of probes are available 

commercially for HaloTag(Promega) and SNAP-tag (New England BioLabs), designed for 

spectral coverage (from ultra-violet to near-infrared excitations), intra- or extracellular 

labelling, and photophysical properties.

Coumarin based general labelling probes.—Coumarin offers an effective small 

molecule donor-acceptor type chromophore derived from the naturally occurring 

umbelliferone. In order to improve stability, the umbelliferone scaffold is methylated at the 

4-position. Further, pH sensitivity can be removed by substituting the 7-position hydroxyl 

for an amino donating group (Figure 2). The resulting, commercially available (Promega) 7-

amino-4-methylcoumarin 1 yields a bright constitutively fluorescent dye (quantum yield Φf 

= 0.75) equipped with a HaloTagligand at the 3-position for conjugation to a fused POI. 

Coumarin 2 is excited in the UV region (Ex/Em: 362 nm / 450 nm) at a high energy 

wavelength that yields high background noise due to auto-fluorescence of the sample as well 

as cellular damage in live-cell imaging experiments.[18] Several strategies to tune the 

excitation and emission properties of the coumarin scaffold are established, including N-

alkylation, introduction of electron withdrawing groups, and extension of π-conjugation, but 

these strategies often confer a solvatochromic nature to the dye.[19] Likewise, the 

commercially available coumarin for SNAP-tag, SNAP-Cell 430 (New England BioLabs) 2, 

utilizes an alkylated 7-amino donor with a SNAP-Tag ligand connected via an electron 

withdrawing 3-position amide. The resulting bathochromic shift allows for overlap with the 

common 405 nm laser line for cell imaging (Ex/Em: 430 nm / 490 nm).

Fluorescein based general labelling probes—Emitting in the green range of the 

visible spectrum is the commonly used fluorophore, fluorescein 3 (Ex/Em: 492nm / 521nm, 

Φf 0.95) (Figure 2). Fluorescein is based on an oxidized triarylmethane scaffold, with 

oxygen donors located symmetrically at the 3’ and 6’-positions. With a pKa of 6.4, 

fluorescein remains deprotonated at physiological pH, with equilibrium favouring the open, 
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fluorescent quinone form (Scheme 1). However, this charged conformation is impermeant to 

the cell membrane. Permeability can be recovered through acylation of the hydroxyl 

substituents (compound 4), which shifts equilibrium toward favoring the closed, non-

fluorescent lactone form due to poor electron donation into the xanthene core. The acyl 

groups are hydrolyzed in the cellular environment by endogenous esterases, restoring 

fluorescence. Alternatively, to improve permeability Nagano and co-workers removed the 

carboxylate moiety of fluorescein, resulting in the more hydrophobic derivative, Tokyo 

Green 6.[20] Fluorination of fluorescein at the 2’ and 7’ (compound 5, Oregon Green) 

positions reduces the pKa to 4.7, ensuring near quantitative deprotonation under 

physiological conditions and removing pH sensitivity of the fluorophore.[21] Combining the 

two strategies, Peterson and co-workers developed a more cell permeable, pH insensitive 

fluorescein derivative known as Pennsylvania Green 7.[22]

Rhodamine based general labelling probes—Substitution of the fluorescein 3’ and 

6’ oxygens for amine based donating groups yields another class of fluorophore, rhodamine. 

Similarly, to fluorescein, rhodamine exists in equilibrium between a fluorescent, zwitterionic 

quinoid form and a dark, neutral lactone form (Scheme 1). This equilibrium is polarity 

sensitive, with the closed, lactone form favored in hydrophobic environments and the open, 

zwitterionic form in hydrophilic ones. Notably, high intensity excitation of rhodamine 

derivatives allows for intersystem crossing to achieve the triplet state that is susceptible to 

reduction by thiols and thiolates in solution (Scheme 2).[23] The resulting radical anion 

species is non-fluorescent with absorption in the UV–blue range. In the absence of oxygen, 

the rhodamine radical anion is long lived (lifetime ~7 hours). This reduced rhodamine 

derivative can be converted back to the fluorescent state upon irradiation near its absorbance 

maxima with minimal photobleaching over several cycles. The photoswitchable properties 

of rhodamine fluorophores enable their application in single molecule localization based 

imaging techniques.[24] Given this application of rhodamine for tracking the localization and 

expression of proteins in super-resolution microscopy, much effort has been made to control 

the photophysical properties of rhodamine based fluorophores.

The most basic rhodamine, Rhodamine 110 8, exhibits high fluorescence quantum yield, but 

emits a green fluorescence (Ex/Em: 498nm / 528nm, Φf: 0.88). Alkylation of the amino 

donating groups, such as that of tetramethylrhodamine (TMR) 9 results in a significant red 

shift of the fluorophore but reduces the overall brightness of the dye (Ex/Em: 552nm / 

578nm, Φf: 0.41). Alkylation creates allylic strain, forcing the donor to adopt a more twisted 

conformation in the ground state. In the excited state, this steric clash exacerbates a 

mechanism of internal energy conversion in which the donating group rotates 90° out of the 

plane of xanthene core π system. This process, known as twisted intramolecular charge 

transfer (TICT), leads to rapid non-radiative decay and photooxidation of the fluorophore.
[25] Lavis and co-workers developed a strategy to overcome this steric interaction and 

alleviate allylic strain of alkylated donors by increasing the C–N–C bond angle of the donor 

in the form of azetidine.[26] In doing so, the donor adopts a more co-planar orientation with 

respect to the xanthene core. Named Janelia Fluor™ 549 10, the azetidino functionalized 

rhodamine dye displays enhanced brightness and photostability (Ex/Em: 550nm / 570nm, 

Φf: 0.88).
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Furthermore, the spectral properties of rhodamine dyes can be extended to the far red region 

by decreasing the HOMO-LUMO energy gap with installation of a silicon heteroatom to the 

xanthene core, as in that of Janelia Fluor™ 646 11.[26–27] Notably, Si-rhodamines favour the 

closed, lactone form in the ground state, conferring an inherent blinking property to the dye 

that allows for single molecule localization imaging without a need for reducing agent 

spiked buffers and anoxic conditions.[28] Further efforts showed that finetuning of these 

spectral properties across both oxygen and silicon based rhodamines can be achieved with 

addition of various electron withdrawing substituents on the azetidino donor.[29] In addition 

to color and brightness, other efforts to control the photophysical properties of rhodamines 

have aimed to improve photostability as Hell and co-workers have developed a novel method 

to reduce photobleaching with t-butyl amino donors.[30]

Cyanine based general labelling probes—Cyanine dyes are based on a cationic 

polymethine structure, wherein the conjugated π system allows for the absorption of visible 

light. The absorption and emission wavelengths can be facilely controlled through the length 

of the π system, as increasing π conjugation lowers the HOMO-LUMO energy gap. The 

shortest cyanine derivative, Cy3 12, is excited with green light (Ex/Em: 550nm / 570nm) and 

the extended derivatives, Cy5 13 and Cy7 14, absorb in the red and near-IR regions (Ex/Em: 

646nm / 662nm and 750nm / 773nm, respectively).[31]

These photophysical properties of cyanine dyes can be tuned through chemical modification 

of the terminal heterocycles of the dye. Larger benzene fusions further reduce the excitation 

band gap, yielding red-shifted cyanines 15–17.[32] In order to prevent aggregation and 

improve aqueous solubility of cyanine dyes, a common strategy is to append solubilizing 

sulfonate moieties.[33] Furthermore, fluorination of the cyanine derivatives can be used to 

reduce reactivity with oxygen, improving photostability.[34]

Similar to rhodamines, cyanine dyes possess an inherent photoswitchability making the dye 

broadly employed in single molecule localization microscopy.[24,35] Excitation of Cy5 13 

with red light in the presence of a thiolate nucleophile leads to attack at the γ-carbon of the 

polymethine conjugate.[35a] The resulting product of this excited state reaction is left in a 

non-fluorescent dark state, but excitation with high energy, UV light can recover the bright 

state of the dye. This photoswitching mechanism is applicable for extended cyanine 

derivates (13–14 and 16–17) but not for the shorter Cy3 12 and Cy3.5 15 dyes.

3.2. Fluorogenic, “no-wash” labelling probes for HaloTag and SNAP-tag

A major disadvantage of “always-on” probes is the need for removal of unbound 

fluorophores through washing. By adding several minutes to the imaging procedure, 

washing can impede time-dependent assays. Further, inefficient washing technique can 

result in high background fluorescence or damage to the sample prior to analysis. As such, 

no wash methods for cellular labelling are highly desired. The application of fluorogen 

activating proteins in which fluorescence is activated upon reversible, non-covalent binding 

to a small molecule fluorogen represents one such method. The utility of FAPs is well 

reviewed elsewhere.[36] Alternatively, several groups have devised unique strategies for 

labelling of HaloTagand SNAP-tag using fluorogenic probes to remove the requisite washing 
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step. Typical fluorogenic probes are designed for fluorescent response to small molecule 

species through chemical reaction to activate fluorescence.[37] Similarly, several unique 

strategies have been employed to develop probes that activate fluorescence upon covalent 

conjugation to HaloTag and SNAP-tag specifically. In this section we review three of these 

fluorogenic strategies for “no-wash” labelling of HaloTag and SNAP-tag: 1) quencher 

cleavage and release 2) lactone ring opening of rhodamine-based fluorophores or 3) 

environmental sensitive fluorophores (Figure 3). The structures of many of these established 

fluorogenic probes for Halo- and SNAP-tag are presented in Figure 4.

Quencher release strategies for no-wash labelling—Fluorescence quenching of 

dyes can be accomplished through Förster resonance energy transfer (FRET) or 

photoinduced electron transfer (PET) to an adjacent acceptor or quencher.[38] This principle 

enables one strategy for fluorogenicity with self-labelling protein tags through cleavage and 

release of the quencher upon conjugation (Figure 3A). For SNAP-tag ligands, O6-

benzylguanine itself can serve as an electron acceptor, acting to quench fluorescence of 

labelling dyes prior to conjugation to SNAP-tagby PET. Herten and co-workers observed 

greater than 30-fold fluorescence enhancement upon conjugation of O6-benzylguanine 

functionalized ATTO 700 (compound 18) to SNAP-tag.[39] Other groups have designed 

fluorogenic probes based on FRET quenching strategies. Urano and coworkers engineered 

one such probe with a fluorescein based dye coupled to an O6-benzylguanine ligand 

functionalized at the C-8 position with a Disperse Red-1 FRET acceptor to quench 

fluorescence (compound 19).[40] Upon conjugation to SNAP-tag the guanine—Disperse 

Red-1 motif is released, yielding a 300-fold increase in emission intensity of the fluorescein 

dye. Concomitantly, Yao and co-workers published a similar strategy with the quencher 

attached at the N-9 position.[41] Correa furthered this work by expanding the palette of 

fluorogenic dyes, using an O6-benzylguanine functionalized with cyanine derivatives as 

FRET quenchers.[42]

Notably, no-wash labelling strategies that employ FRET or PET quenching mechanisms are 

limited to small tags with active sites permissible to large probes such as SNAP-, CLIP-, 

BL- and TMP-tags.[40–43] To date, this strategy has not been applied to HaloTag. The long, 

narrow binding tunnel prohibits large quencher substrates from entering to be cleaved by 

nucleophilic substitution. Xiao’s work with thiocarbonyl based PET quenching offers one 

means of reducing the size of the quencher for this purpose,[44] but still, FRET and PET 

methods for fluorogenic labelling of HaloTagremain a niche to be filled.

Lactone opening for rhodamine-based fluorophores—As described in Section 3.1, 

rhodamine based dyes exist in equilibrium between an open, zwitterionic and closed lactone 

form. Johnsson and co-workers first exploited the polarity sensitivity of this equilibrium to 

develop a fluorogenic labelling method for super-resolution microscopy with Si-rhodamines, 

such as compounds 11 and 20a–c.[28b] Si-rhodamines exist predominately in the closed, 

non-fluorescent lactone form in aqueous solutions, likely due to a reversible aggregation of 

the fluorophore. Conjugation to a self-labelling protein tag rescues fluorescence in aqueous 

solutions, as demonstrated for Halo-, CLIP-, and SNAP-Tag with approximately 7-fold 

change in fluorescence intensity, a behaviour that can also be applied to carbon-rhodamine 

Hoelzel and Zhang Page 7

Chembiochem. Author manuscript; available in PMC 2020 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



derivatives.[45] Furthermore, background noise with Si-rhodamine probes is minimized as 

the equilibrium further shifts to closed structure with non-specific binding of the dye to 

hydrophobic surfaces in the cell. Lavis and co-workers recently demonstrated that the 

equilibrium constant of the lactone-zwitterion process can be used to predict fluorogenicity 

of rhodamines, allowing for rational design of probes for no-wash labelling in vivo.[28a] 

Johnsson and co-workers furthered their initial work by demonstrating control over the 

lactone-equilibrium by substitution of the carboxyl moiety for electron deficient amides.[46]

Environment sensitive probes—In contrast to the “always-on” labelling probes 

described in Section 3.1, many donor-acceptor type fluorophores possess an inherent 

sensitivity to the polarity and rigidity of their local environment. In aqueous environments 

these environmentally sensitive dyes are largely non-fluorescent due to both inter- and 

intramolecular non-radiative decay mechanisms, such as external conversion and TICT 

(Figure 5).[47] However, if fixed in non-polar or rigid environments, fluorescence intensity is 

recovered. This environmental sensitivity enables a strategy for no-wash labelling of tagged 

proteins in vivo by embedding the fluorophore into the rigid, non-polar binding pocket or 

tunnel of SNAP-tag or HaloTag, typically accomplished through truncation of the linker 

moiety (Figure 3C).

Kool and co-workers pioneered the application of environmentally sensitive dyes for wash-

free labelling of HaloTag with a molecular rotor type probe.[47a,48] A 

dimethylaminostilbazolium chromophore (compound 21) was able to be fixed in the narrow 

binding tunnel of HaloTag upon conjugation, yielding greater than 25-fold change in 

fluorescence intensity. A similar approach was utilized by our group as well as Tan and co-

workers whereby coupling of a CCVJ (compound 22) or Kaede mimetic (compound 23) 

derived fluorophore to SNAP- tag led to a 40-fold and 90-fold increases in emission 

respectively.[49] Again it was found that fluorogenicity was dependent on the length of the 

linker employed.

In addition to molecular rotor type fluorophores, a breadth of polarity sensitive probes has 

also been employed in environmental sensitive strategies for wash-free labelling. 

Fluorogenicity upon conjugation to SNAP-tag using a polarity-sensitive 

sulfonylbenzoxadiazole (SBD) fluorophore (compound 24) that remains quenched in 

aqueous solutions yielded a 280-fold increase in fluorescence intensity.[50] Our group has 

also utilized SBD based fluorogenic probes for no-wash imaging of HaloTag (compound 

25), achieving nearly 1000-fold fluorescence turn-on upon conjugation.[51] Interestingly, this 

drastic fold change was attributed to a novel excited state cation-π interaction as the electron 

donating amine of the SBD chromophore was found to align with the aromaticity of a 

binding-tunnel tryptophan residue. Extrapolation of this interaction from the protein 

conjugate system into small molecule scaffold remains to be achieved; but promises to yield 

a better understanding of the influence that electrostatic interactions have on excited state 

behaviour. Other groups have employed an array of solvatochromic dyes for no-wash 

labelling of SNAP-tag, including napthalimide, Nile-red, and merocyanine.[52]
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3.3. Environmental sensitive labelling probes to visualize protein structural changes.

While the previously described ‘always-on’ and fluorogenic probes offer several means to 

track a HaloTag or SNAP-tag fused POI, the advantage of these approaches over 

conventional fluorescent protein tagging is minimal. However, the versatility of self-

labelling protein tags allows for the incorporation of functional probes to report on more 

than just in vivo localization and expression, but rather can allow for visualization of protein 

dynamics and conformation. The inherent polarity and viscosity sensitivity of many 

fluorophores allows for visualization of changes in the physicochemical properties of the 

local microenvironment that arise with transition between protein folded states.[47] As such, 

many probes have been developed for the in situ recognition of misfolded and aggregate 

protein species without a need for direct conjugation. However, with the application of a 

self-labelling protein tag, greater specificity to track the dynamics of single POI with a 

membrane permeable, environmental sensitive fluorophore in live cells can be 

accomplished. In contrast to the application of environmental sensitive probes for no-wash 

labelling, this strategy mandates that the employed fluorophore remain non-fluorescent upon 

conjugation to the labelling tag. This is accomplished often by incorporating spacer moieties 

on the linker between the ligand and the chromophore, extending it out of the binding tunnel 

or pocket, and away from the protein surface.

Our group has initiated the application of environmental sensitive probes to monitor protein 

folded states. We developed a thermally destabilized mutant (K73T) of HaloTag, termed 

“AgHalo”, and resolved the conformational species from folded monomers to soluble 

oligomers and insoluble aggregates as a function of temperature (Figure 6A).[10,53] 

Conjugation of AgHalo to a polarity sensitive SBD based probe 26 led to a non-fluorescent 

conjugate with the folded protein. Heating the conjugate to 59°C yielded a 10-fold change in 

fluorescence intensity as protein formed insoluble aggregates. The destabilization of AgHalo 

(ΔGfolding = −2.0 kcal/mol) yielded a protein representative of the mammalian cell 

proteome. In conjugation with the SBD probe, the onset of chemical and thermally induced 

proteome stress was resolved in live cells with spatiotemporal resolution. Furthering this 

work we additionally developed a molecular rotor based probe for AgHalo based on a 9-(2-

carboxy-2-cyanovinyl)julolidine derivative 27.[54] With this tool, soluble misfolded 

conformers could be distinguished from insoluble aggregates as a 12-fold change in 

emission intensity was observed at 45.6°C where soluble oligomeric species formed.

With the AgHalo method established, our group aimed to observe the misfolding and 

aggregation of selected POIs through the use of an environmental sensitive fluorophore 

conjugated to a fused self-labelling tag, a method we termed “AggTag” (Figure 6B).[55] This 

method features environmental sensitive HaloTag or SNAP-tag probes that turn on their 

fluorescence only upon interaction with misfolded oligomers and insoluble aggregates, due 

to the increased surface hydrophobicity and/or elevated intermolecular rigidity of these 

species compared to folded proteins. When these probes are covalently conjugated to a 

protein tag that is genetically fused to a folded POI, fluorescence is quenched. Formation of 

misfolded oligomers and/or insoluble aggregates of the POI, however, inhibits quenching 

and yields turn-on fluorescence via intra-molecular interactions with probes. Unlike 

conventional FP-fusion methods that track the location of late-stage aggregates via 
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appearance of fluorescent puncta, these probes specifically fluoresce in response to changes 

in protein conformation and thus report on early events during protein aggregation. We 

utilized a derivative of the red fluorescent protein chromophore, Kaede, functionalized with 

a rigid, extended chloroalkane ligand for HaloTag (compound 28).The Kaede mimetic probe 

was capable of detecting the misfolded soluble oligomeric conformers of the Parkinson’s 

and amyotrophic lateral sclerosis associated proteins, α-synuclein and mutant superoxide 

dismutase-1 (V31A) as fluorescence intensity increases were observed prior to the formation 

of fibrils and aggregates as monitored by Thioflavin-T and turbidity. We further expanded 

the AggTag method with the development of an orthogonal probe for SNAP-tag utilizing an 

SBD based probe with an extended O6-benzylguanine ligand (compound 29).[56] As such 

the AggTag method can be used to monitor the misfolding and aggregation of two 

independent proteins via multicolour imaging.

4. HaloTag and SNAP-tag probes for manipulation of protein systems

While visualizing protein localization, expression, and dynamics in vivo is crucial to 

understanding their behavior and function, only very rarely does a protein function 

independently within a cell. Instead, cellular machinery operates via a network of integrated 

and interconnected systems of interactions between small molecules, nucleic acids, 

carbohydrates, lipids, and proteins. Thus, in order to understand the physiological role of a 

POI in the cell, it is necessary to understand how it intercalates into this network and how 

perturbations to its behavior effect cellular function. Several technologies have been 

developed utilizing the bioorthogonality and versatility of self-labelling protein tags to allow 

for the manipulation of proteins in vivo via immobilization, expression-level control, or 

photoactivation.[57]

4.1 Immobilization of Halo- and SNAP-Tagged POIs.

Immobilization of proteins and protein-based complexes is in an important procedure in 

many analytical and preparatory biochemical techniques. Isolated proteins can be 

characterized in a controlled system in vitro to resolve their biochemical and biophysical 

properties. To this end, protein affinity tags have been widely developed and are employed 

near universally in standard biochemical techniques. Protein self-labelling tags offer one 

major advantage over typical affinity tags in that they don’t rely on a favourable dissociation 

constant to tightly bind the tagged POI, but rather they form irreversible, covalent linkages 

that enable more rigorous washing to remove unwanted contaminants.

As such, the commercially available HaloLink™ (Promega) has been engineered with the 

chloroalkane ligand for HaloTag surface-bound to a Sepharose resin (Figure 7A).[58] 

HaloLink™ allows for capture of a HaloTag fused POI expressed in vivo following lysis. 

The resulting resin bound protein can be eluted by treatment with a sequence-specific 

protease targeting the linker between the POI and HaloTag.[11,59] Alternatively the POI can 

be left bound to the resin, allowing for surface-based biochemical methods including 

protein-protein interaction identifications or enzyme activity analysis (Figure 7B).[58,60] A 

similar tool is commercially available for SNAP-tag fused proteins, named SNAP-Capture™ 

(New England BioLabs; Figure 7A), which can applied to any of the mentioned techniques 
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and analyses for HaloLink™. Additionally, the biorthogonality of SNAP-tag and HaloTag 

offers the ability to covalently attach an affinity label, such as a biotinylated probe, to a POI 

to allow for standard pull-down assays.

Immobilization of self-labelling tag fused proteins can also allow for high-throughput 

analysis of protein-protein and protein-DNA interactions using fluorescence-based 

microarray methodologies. The throughput of standard protein microarrays is hindered by a 

need for large scale manual purification of thousands of proteins to be fixed to the array, but 

more recent developments in self-assembly of protein microarrays using in situ translation of 

pre-assembled DNA microarrays and binding of the nascent bait protein allows for 

proteome-wide screens against any recombinant query protein. So called nucleic acid 

programmable protein arrays (NAPPAs) typically utilize antibody based methods to capture 

and adhere the nascently translated bait protein the surface.[61] However, the covalent nature 

of a self-labelling protein tag allows for greater density of surface bound proteins, yielding 

greater signal-to-noise ratios for fluorescence based readout methods. Developed by Braun, 

Ecker, and co-workers, the HaloTag-NAPPA was used to identify the protein interacting 

partners of 38 Arabidopsis transcription factors in a screen against 12,000 unique open-

reading frames.[62]

4.2 Proteasomal Targeting Chimeras (PROTACs).

Most small molecule drug therapies target proteins to downregulate activity, relying on a 

favourable dissociation constant to tightly bind to a protein of interest and inhibit function. 

Alternatively, Crews and co-workers have introduced a novel strategy of targeting 

overexpressed, hyperactive, or aberrantly behaving protein targets for proteasomal 

degradation.[63] This strategy uses small molecule recognition motifs to recruit an E3 ligase 

for ubiquitination of the target and subsequent proteasomal degradation. In doing so, the 

knock-down of a particular POI can be accomplished without need for excessive dosages. 

With the major challenge of targeting a POI with these PROteasomal TArgeting Chimeras 

(PROTACs) being the reliance on a particular binding motif, Crews and co-workers 

expanded the application of PROTACs to knockdown stably expressed HaloTag fused 

proteins in vivo (Figure 8). So called HaloPROTACs utilizes a recognition motif for the von 

Hippel-Lindau (VHL) E3 ligase functionalized with a chloroalkane linker (compound 30).
[64] The efficiency of HaloPROTACs induced protein degradation was shown to be 

dependent on the affinity of the recognition motif for VHL. Compound 30 was shown to be 

the most effective, achieving approximately 10-fold reduction of GFP fused HaloTag in 

expression HEK293 cells. Replacing the terminal 1-isoindolinone motif of 30 with an 

isoxazole moiety yielded only a 2-fold reduction in expression level.[65] Furthermore, 

degradation efficiency is concentration dependent, with optimal degradation achieved in 

high nano- to low micromolar range. In the application of HaloPROTACs, thus, it is 

important to consider the structure of the probe and the employed concentration so as to 

desirably tune the extent of protein knockdown. It has also been demonstrated that 

degradation of HaloTagfusion proteins can be induced upon labelling with hydrophobic 

adamantyl groups (compound 31).[66] HaloPROTACs offers a novel strategy to observe the 

effects of pharmacological manipulation of protein expression levels in vivo, allowing for 

the identification of protein targets for PROTACs based therapies.
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4.3 SNAP-tag and HaloTag strategies for optochemical control of protein systems

Light-induced activation of small molecule probes offers a unique level of spatiotemporal 

control over biological systems. The application of photolabile protecting groups enable this 

control, allowing researchers to deliver small molecule perturbations or activate probes on-

demand.[67] Several UV-light activated photocaging systems can be used to supress the 

function of biological probes including the trimethyl-lock,[68] coumarinyl methyl,[69] o-

nitrobenzyl,[70] BODIPY,[71] and anthraquinone systems.[72] Here we review how these 

photolabile protecting groups can be used in tandem with SNAP- or HaloTag to manipulate 

a protein system.

Targeted reactive electrophiles and oxidants (T-REX).—Protein behaviour and 

function can be non-pathogenically modulated through reaction with electrophilic and 

oxidative species operating as second messengers. In order to understand how these signals 

are translated through the cell, Aye and co-workers have developed a means of selective 

delivery of small molecule reactive electrophiles and oxidants to modify a specific POI in 
vivo.[73] In this strategy a POI is fused to HaloTag to allow for biorthogonal labelling with 

chloroalkane ligand attached to a photocaged 4-hydroxynonenal probe (compound 32). 

Upon labelling of HaloTag, irradiation of the anthraquinone photolabile protecting group can 

be used to eliminate the α,β-unsaturated aldehydes for labelling of the POI (Figure 9A). 

Experimental results demonstrated that this labelling strategy is selective for the fused POI 

in vivo, and further that by incorporating an alkyne motif on the labelling electrophile, that 

nearly any functionality can be attached via a downstream click reaction. Aye’s lab was able 

to show that the T-REX platform is able to accommodate α,β-unsaturated aldehydes of 

variable structure and sterics.[74] Through this they were elucidate the promiscuity of the 

signal transductor factor, Keap1, as a trigger of the antioxidant response element.

Chemically induced dimerization (CID)—Chemical control over the assembly of 

protein complexes is a powerful tool to directly observe the mechanisms and effects of 

protein-protein interactions in cells. Chenoweth and co-workers developed a strategy for the 

optochemical control of protein assembly using a dual ligand strategy with a 

HaloTagchloroalkane functionalized with photocage protect a TMP substrate (compound 33, 

Figure 9B).[75] The photocage, 6-nitroveratryl carbamate (NVOC), was used to protect the 

pyrimidine ring of TMP, preventing substrate binding to DHFR. Upon irradiation, the 

photocage is removed and the DHFR substrate is able to bind to the TMP probe. This 

binding event results in the rapid dimerization of two POIs, one fused to TMP-Tag and the 

other to HaloTag. An additional value of this strategy is the amenability of the probe 

employed, allowing for use of nearly any photocage or ligand, connected in any order that is 

chemically feasible. Wymann and co-workers took advantage of this malleability and 

developed a CID probe that could be readily cleaved with UV irradiation by placing the 

photo-uncaging moiety between the two ligands.[76]

5. Summary and Outlook

Self-labelling protein tags have enabled chemical biology studies in a wide range of 

biological pathways and cellular models. The versatility of these systems for protein 
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labelling allows chemical biologists to incorporate nearly any functional probe into a fused 

POI. This unique capability has made HaloTag and SNAP-tag technologies into critical 

components of the chemical biology toolbox, allowing researchers to label a POI with small 

molecule probes to observe and manipulate protein behaviour. To date the field is well 

populated with imaging methods to visualize protein expression, localization, and dynamics. 

The use of self-labelling protein tags allows for incorporation of more diverse fluorophores 

with compatibility for super-resolution techniques or sensitization to protein conformation. 

Other probes are used to manipulate protein behaviour, through binding and immobilization, 

expression level control, complex formation, or small molecule signalling. We envision that 

the future of the field is defined by the power of self-labelling tags to enable the 

understanding and regulation of biological processes. Thus, we will provide an outlook with 

a focus on two aspects: the further development of multiplex tagging systems for targeting 

multiple proteins simultaneously and the extended chemical space of labelling probes to 

target more biological processes.

The existing multiplex of tagging systems has enabled a wide range of applications, featured 

by multiple-color imaging of proteins that are individually fused to HaloTag or SNAP-tag in 

the same cells. We envision that future efforts of expansion can be focused on developing 

protein tags with the following aspects; smaller molecular weight, faster labelling kinetics, 

and more bio-orthogonal chemistry for labelling. Smaller molecular weight is highly desired 

for the purpose with minimal perturbation of POI’s folding, conformational changes, 

interactome and function. Although protein-based tags are self-sufficient for covalent 

labelling without the need of an external co-factor, their sizes are as small as 14 kDa for the 

PYP tag. Faster labelling kinetics is beneficial to enable time-sensitive applications. So far, 

HaloTag serves as one of the most rapid self-labelling proteins tags with a labelling rate 

constant of 2.7•106 M−1•s−1 and expanding this property to other self-labelling protein tags 

remains a persistent task. Further, labelling in vivo depends on factors beyond the second 

order rate constant of the protein tag itself. Thus, to engineer more desired protein tags 

factors such as membrane permeability, solubility, toxicity, and compartmental localization 

should be considered in the design of probes and ligands for labelling.

Multiplex tagging system relies on the inherent orthogonality of probes’ labelling chemistry. 

Expanding this chemical space and harbouring more types of bio-orthogonal reaction could 

increase the capacity of this toolbox. In addition to protein tags, peptide-based tags have 

been developed based on sequence-specific chemical reactions, including tetracysteine tags 

(represented by the CCPGCC motif), sortase tag (represented by the commonly used C-

terminal LPXTG sequence), biotin-tag (15 a.a. sequence, also named as AviTag) and others. 

These tags can also be used in tandem with self-labelling proteins for multiplex labelling 

systems.

With self-labelling protein tag technology, we envision that researchers can harness this 

powerful toolbox to address questions in a wider range of biological processes. At present, 

we have reviewed the ongoing efforts to understand protein aggregation (AgHalo and 

AggTag), redox signalling (T-REX), targeted protein degradation (PROTAC), and protein 

complex formation (CID). The palette of biological systems that have been investigated 

using self-labelling protein tag technology is far too expansive to be covered under the aim 
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of this review. However, the utility of the HaloTag and SNAP-tag systems is nearly 

ubiquitous in the address of existing biological questions. As such we anticipate that 

researchers will continue to develop unique chemical strategies to probe protein-based 

processes at the subcellular level (i.e. membranes, organelles, and membraneless organelles) 

and in fields not discussed here (i.e. immunology, oncology, genetics).
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Figure 1. 
Chemical mechanisms of chemical labelling for A) HaloTag and B) SNAP-tag.
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Figure 2. 
Structures of commonly employed A) coumarin, B) triarylmethane, and C) cyanine based 

fluorophores for general labelling of HaloTag and SNAP-tag fused proteins in fluorescence-

based microscopy. R1 indicates common positions for coupling chloroalkane and O6-benzyl 

guanine ligands for HaloTag and SNAP-tag ligands. D) Spectral coverage of commonly 

employed fluorescent probes. Excitation (top value) and emission (bottom value) maxima 

for the included fluorophores.
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Figure 3. 
No-wash labelling strategies for HaloTag and SNAP-tag. A) Release of a PET or FRET 

based quencher upon conjugation. B) Fluorogenic rhodamines, lactone ring opening upon 

conjugation. C) Embedding of environmentally-sensitive fluorophores into the substrate 

binding tunnel.
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Figure 4. 
Structures of A) PET and FRET, B) Si-rhodamine, C) molecular rotor, or D) solvatochromic 

based fluorogenic, wash-free labelling probes for self-labelling protein tags and their 

corresponding fold-change upon binding to SNAP-tag or HaloTag in vitro.
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Figure 5. 
Mechanisms of viscosity and polarity dependent excited state non-radiative decay in donor-

acceptor type chromophores. A) Twisted intramolecular charge transfer. B) Solvent-

mediated external conversion.
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Figure 6. 
The A) AgHalo and B) AggTag methods to monitor protein conformational dynamics and 

proteome stress onset.
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Figure 7. 
A) Immobilization strategy for Halo- and SNAP-Tag fused proteins of interest and B) 

downstream applications following immobilization.
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Figure 8. 
HaloPROTACs strategy for induced proteasomal degradation of HaloTag fused POIs.
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Figure 9. 
A) T-REX and B) CID strategies of optochemical control and perturbation of protein 

systems.
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Scheme 1. 
Equilibrium of 2-carboxyphenyl xanthene-based chromophores between open quinoid and 

closed lactone forms.
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Scheme 2. 
Photoredox mechanism of rhodamine photoswitching. (T1 = triplet state, β-ME = β-

mercaptoethanol)
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Scheme 3. 
Nucleophilic mechanism of cyanine photo-switching.
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Table 1.

Parameters of HaloTag and SNAP-tag.

HaloTag SNAP-tag

size (kDa) 33 19.4

labelling kinetics (M−1 s−1) 2.7×106[1] 2.8×104[3]

stability ΔGfolding: −5.6 kcal/mol [10] TM: 67°C [12]
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