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a b s t r a c t

Protein self-labeling tags achieve selective fusion and labeling of target proteins through genetic cod-

ing technology, but require exogenous fluorescent probes with fluorogenicity for protein tag binding to

have the performance of wash-free fluorescence imaging in live cells. In this paper, we reported a fluo-

rogenic probe 1 capable of ratiometric fluorescence recognition of SNAP-tag proteins. In this probe, the

O6-benzylguanine derivative of 3–hydroxy-1,8-naphthalimide underwent a selective covalent linkage re-

action with SNAP-tag protein. The hydroxyl group on the naphthalimide fluorophore formed a hydrogen

bond with the functional group near the protein cavity. The excited state proton transfer occurred af-

ter illumination, to obtain the ratio fluorescence signal from blue emission to red emission, realizing the

wash-free fluorescence imaging of the target proteins.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Fluorescence imaging has become the main technical method

for molecular positioning and resolution of molecular interactions

in cell research, which benefits from the advancement of fluores-

cent probes and microscopy techniques [1–8]. Fluorescent probes

for functional proteins have received special attention [9,10], and

various techniques such as protein self-labeling tags, bioorthogonal

reactions, click chemistry and unnatural amino acids have emerged

to label specific functional groups or identify specific spatial po-

sitions of target proteins [11]. Protein fluorescent probes can es-

tablish a cellular network of target proteins, especially with the

help of super-resolution fluorescence microscopy to break through

the diffraction limit to achieve the resolution of a single pro-

tein [12,13], and can also be used to detect the microenvironment

around the target protein. For example, small molecule-sensitive

fluorescent response groups were introduced at specific positions

of proteins through protein self-labeling tags or unnatural amino

acid technology, to realize the dynamic recognition of subcellular

organelles of small molecules like zinc ions or hydrogen sulfide

[14,15]. The protein recognition by fluorescent probe usually re-

quires two steps: the specific molecular recognition reaction be-

tween the functional group on the probe and the target protein
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and the specific fluorescent signal change caused by the protein

recognition reaction. Since the distribution and content of probes

as exogenous species cannot be controlled in cells, the develop-

ment of fluorogenic probes that respond to bioorthogonal recogni-

tion reactions is the key and challenge to realizing wash-free fluo-

rescence imaging in living cells [16].

SNAP-tag is one of the most widely used protein self-labeling

technologies at present. It has excellent properties such as fast

bioorthogonal reaction speed, the universality of various biological

systems, and easy derivatization of fluorescent probes [17]. SNAP-

tag is an engineered version of the mammalian enzyme encoded

by the human O6-methylguanine-DNA alkyltransferase (hAGT). The

fluorescent substrate of SNAP-tag is a molecule in which a fluo-

rophore is covalently linked to a guanine leaving group via a ben-

zyl group. In the labeling reaction, the substituted benzyl group of

the substrate is covalently attached to the SNAP-tag via a highly

stable thioether bond. To eliminate the background fluorescence

produced by unreacted or excess fluorescent substrates, a variety

of fluorogenic probes for SNAP-tag were designed [16,18,19]. The

fluorescence response mechanism of these fluorogenic probes is

mainly that the polarity of the microenvironment where the flu-

orophore is located becomes smaller or the degree of freedom in

space is limited after being connected to SNAP-tag so that the

fluorophore with intramolecular charge transfer (ICT) or twisted-
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Scheme 1. (a) Structures of naphthalimide-derived probe 1 and compound 2. (b)

The reaction of probe 1 with SNAP-tag. After covalently binding to the SNAP-tag

protein, probe 1 displayed the ESPT process due to the localization into the po-

lar, hydrophobic, and proton acceptor environment of the SNAP-tag. (c) Structure–

function analysis of SNAP-tag fluorophore–substrate interactions. The BG-bound

variant of SNAPC145A (PDB entry 3KZZ) is selected as the crystal of SNAP protein

for docking. SNAP protein is represented as a cartoon, and the ligands and residues

are represented as sticks and lines, respectively. Putative hydrogen bonds and cor-

responding distances are indicated by dashed lines.

intramolecular-charge-transfer (TICT) will appear as a significant

increase in fluorescence after linking with SNAP protein [20]. How-

ever, fluorescent substrates often have non-specific distribution in

cells and produce changes in fluorescence enhancement to cause

interference. Since the ratiometric fluorescent probe has estab-

lished an internal standard that can eliminate the interference of

various environmental factors including probe concentration and

non-specific enrichment, the ratiometric fluorescent signal has ex-

cellent selectivity, thereby further optimizing the background in-

terference [21,22]. In addition, ratiometric signals can also provide

quantitative information on physical parameters of the microen-

vironment, such as polarity. However, the ratiometric fluorogenic

probe for SNAP-tag has hardly been reported.

In this paper, we reported that 3–hydroxy-naphthalimide-

derived SNAP-tag probe 1 underwent an excited-state intermolec-

ular proton transfer (ESPT) process after covalent binding to SNAP

proteins, accompanied by a fluorescence transition from blue to

red (Schemes 1a and b). 3-Hydroxy-1,8-naphthalimide can only un-

dergo the ESPT process in a polar environment and the presence of

hydrogen bond acceptors, and the generated oxygen anions greatly

increase the intramolecular charge transfer capacity, resulting in

a large red shift of the fluorescence wavelength. When probe 1

was covalently linked to the SNAP protein, the benzyl group en-

tered the protein cavity, allowing the naphthalimide fluorophore

to approach the protein so that the hydroxyl group formed an in-

termolecular hydrogen bond with the nearby carbonyl groups of

SNAP proteins, resulting in a ratiometric fluorescent signal. The

molecular docking experiments confirmed the existence of car-

bonyl groups (GLU159 and SER135), which are near the hydroxyl

group of probe 1 (Scheme 1c).

To examine the excited-state proton transfer properties of 3–

hydroxy-naphthalimide, we selected compound 2 as a reference

molecule and tested its spectral properties in different solvents and

alkaline environments (Fig. 1 and Figs. S3–S8 in Supporting infor-

mation). Among the 13 solvents tested containing water, including

from weak polarity to strong polarity, aprotic solvents to protic sol-

vents, the absorption spectra of compound 2 remained unchanged.

The maximum absorption peak was 380nm, and the corresponding

fluorescence emission wavelength was around 420nm (Figs. 1a and

b). It was worth noting that only two fluorescence emission peaks,

430nm and 620nm, appeared in the two solvents of dimethyl sul-

Fig. 1. Absorption and fluorescence emission spectra of compound 2. (a) Absorp-

tion and (b) fluorescence emission spectra (λex =380nm) in various solvents. (c)

Absorption and (d) fluorescence emission spectra (λex =450nm) after reaction with

0.1% aqueous sodium hydroxide solution (10mmol/L). These solvents were chosen

because they were soluble in water. (e) Fluorescence emission spectra before and

after adding triethylamine (0.5%) and DMSO (30%) to the acetonitrile solution. (f)

Fluorescence emission spectra of dioxane-DMSO system. Inset: the fluorescence in-

tensity ratio (I620/I430) of the dioxane-DMSO system.

foxide (DMSO) and N,N-dimethylformamide (DMF). When sodium

hydroxide was added to the water-miscible solvents, the maximum

absorption peak of compound 2 was significantly red-shifted, and

the wavelength was red-shifted to 530nm in both DMSO and DMF

(Fig. 1c). This red shift of the maximum absorption wavelength be-

longed to the oxygen anion species produced by removing the pro-

ton of the hydroxyl group. It was particularly important that the

fluorescence peak emitted by oxyanion species in an alkaline solu-

tion was just at 620nm (Fig. 1d), which was consistent with the

long-wavelength fluorescence of compound 2 in DMSO and DMF

(Fig. 1b). This indicated that the 620nm emission of compound 2

in DMSO and DMF was due to the excited state proton transfer.

The carbonyl groups of DMSO and DMF act as hydrogen bond ac-

ceptors to form intermolecular hydrogen bonds with the hydroxyl

group in compound 2. During the process of compound 2 being ex-

cited by light, the intermolecular proton transfer from compound

2 to DMSO/DMF occurred, thereby generating the oxyanion species

of compound 2. As the electrons fall back from the excited state to

the ground state, the protons were retransferred from DMSO/DMF

back to compound 2. In other solvents, however, the intermolecu-

lar hydrogen bonds were weak, and no excited-state proton trans-

fer occurred.

To further investigate the influence of intermolecular hydro-

gen bonds on this excited-state proton transfer process, we added

DMSO to acetonitrile or dioxane, which cannot undergo excited-

state proton transfer (Figs. 1e and f). The addition of triethylamine

or DMSO to acetonitrile produced red fluorescence peaks at the

same wavelength, which confirmed that DMSO played the role of

an organic base. In dioxane, with the increase of DMSO content,

the 620nm long-wavelength fluorescence peak gradually increased,
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Fig. 2. Fluorescent imaging and data analysis of SNAP-tag stained with probe 1 in HEK-293T and HeLa cells. (a, f) 425–475nm imaging channel (CH1) of HEK-293T (a) and

HeLa (f) cells; (b, g) 550–650nm imaging channel (CH2) of HEK-293T (b) and HeLa (g) cells; (c, h) the merge of images a and b (c) and images f and g (h), respectively;

(d, i) ratiometric imaging of b/a (d) and g/f (i); (e, j) the enlarged image in (d) and (i), respectively; (k, l) the in-situ spectra of HEK-293T (k) and HeLa (l) cells; (m, n) the

fluorescence intensity distribution of (e) and (j). The probe concentration was 1 μmol/L, the incubation time was 1h, and the excitation wavelength was 405nm. Scale bar:

20 μm.

while the 430nm short-wavelength fluorescence peak gradually

weakened, and there was an isoemission point at 550nm. When

the DMSO content exceeded 40%, the intensity ratio of the long-

wavelength and short-wavelength fluorescence peaks showed a

good linear relationship with the DMSO content. Compound 2 did

not show long-wavelength fluorescence in sulfolane, phenyl sul-

fone (DPS), and diphenyl sulfoxide (DPSO), three solvents that also

contained sulfur-oxygen double bonds (Fig. S9 in Supporting infor-

mation), which should be due to the steric hindrance in these sol-

vents. As a result, the hydrogen bond of these three solvents with

compound 2 was not stable enough. These results fully demon-

strate that the stable intermolecular hydrogen bonds determine

the proton transfer process in the excited state. In addition, the

photostability of the fluorophore was also investigated. As shown

in Fig. S10 (Supporting information), compound 2 can maintain

good photostability for 300min after continuous xenon lamp irra-

diation. Although both emission peaks decreased, the ratio values

remained unchanged, which highlighted the superiority of the ra-

tio fluorophore in the field of fluorescence labeling.

There are many carbonyl groups in the protein, so we speculate

that if 3–hydroxy-naphthalimide is close to the protein to form an

intermolecular hydrogen bond with the carbonyl group in the pro-

tein, it can also undergo excited-state proton transfer for protein

recognition. Therefore, we introduced guanine on the side of naph-

thalimide with benzyl as the linking group, and O6-benzylguanine

would selectively react with SNAP protein for covalent linkage, and

formed a stable thioether bond with the departure of the gua-

nine group. We transfected the SNAP protein tag in the nuclear

protein human recombinant histone H2B (H2B) of HEK-293T and

HeLa cells and then stained it with probe 1 (Fig. 2). From the two

wavelength fluorescence channels, we can see that the probe 1

in the cell has a wide distribution (Figs. 2a–c and f–h). However,

when collecting the ratiometric fluorescent signals between long

and short wavelengths, only the nuclei transfected with SNAP pro-

tein can be imaged, while other positions of the cell and cells not

transfected with SNAP protein positions had no fluorescence back-

ground interference (Figs. 2d and i). This fully demonstrates that

the ratiometric fluorescence signal can effectively improve the se-

lectivity of molecular recognition, and can realize wash-free flu-

orescence imaging for SNAP-tag labeled target proteins. The in-

situ fluorescence spectra in the nucleus were collected, and it was

found that the center of the long-wavelength fluorescence emis-

sion peak was around 570nm (Figs. 2k and l), which was shorter

than 620nm in DMSO. This should be because naphthalimide is in

the cavity of the SNAP protein, where the polarity becomes smaller

and the intramolecular charge transfer is weakened, resulting in

a blue shift of the fluorescence wavelength [23]. This result also

demonstrated that the ratiometric fluorescence signal was emitted

by SNAP protein binding.

In addition to improving the selectivity of recognition, the ra-

tiometric fluorescent signal can also establish an internal standard

to provide quantitative information on the target recognized by

the probe. In the magnified images of cell nuclei imaging shown

in Figs. 2e and j, the distribution of the ratiometric fluorescence

signals with large differences in the nucleus can be clearly seen,

and the ratiometric signal value of each imaging point can also be

given by positioning (Figs. 2m and n). This is due to the different

microenvironments of the probes leading to different abilities of

excited state proton transfer, and this difference just reflected the

huge differences in the H2B–SNAP fusion proteins at different po-

sitions in the nucleus, although the sequences of these proteins are

completely the same.

The ratiometric fluorescence signal of protein imaging in the

whole nucleus was used as a fingerprint, and each imaging point
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Fig. 3. The ratiometric fluorescence imaging comparison of probe 1 between different cells of the same cell line or different types of cell lines. (a, b) Ratiometric imaging

of HEK-293T cells; (c, d) ratiometric imaging of HeLa cells. The R1–R6 were the locally enlarged areas of their left cells, and their ratio fluorescence signals were further

adjusted and shown in i–vi. The probe concentration was 1 μmol/L, the incubation time was 1h, and the excitation wavelength was 405nm. Scale bar: 10 μm.

was used as the details of the map. The comparison of this map

was then expected to be used to distinguish cells and discover the

details of the intracellular distribution of functional molecules. As

shown in Fig. 3, the ratiometric fluorescence imaging comparison

between different cells of the same cell line or different types of

cell lines, it can be seen that the distribution of H2B–SNAP fu-

sion protein in each nucleus has its characteristics, and the differ-

ences between different cell lines are bigger. This ratiometric flu-

orescent signal fingerprint is expected to establish a logical rela-

tionship with the cell dynamic network in the future, to be used

to detect or diagnose physiology or pathology.

In summary, we developed a fluorogenic probe for ratiomet-

ric recognition of SNAP-tag proteins and achieved wash-free fluo-

rescence imaging of target proteins employing genetically encoded

technology. The ratiometric fluorescence signal of this probe comes

from the fact that when the naphthalimide fluorophore is close to

the protein, the hydroxyl group at the 3rd position forms an in-

termolecular hydrogen bond with the carbonyl group in the pro-

tein, resulting in an excited state proton transfer after being ex-

cited by light. The ratiometric fluorescence change from blue to red

can not only effectively improve the signal-to-noise ratio of imag-

ing to realize wash-free imaging, but also quantitatively give the

hydrogen bond strength between the probe and the bound SNAP

protein, thereby indicating the microenvironmental differences of

SNAP protein at different positions. The use of ratiometric fluores-

cent protein imaging as a fingerprint is expected to be applied in

physiological and pathological diagnosis as image omics in the fu-

ture.
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