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A B S T R A C T   

Fluorescent displacement assay has been used as an effective method to screen target protein inhibitors, but there 
is a lack of reports on the detection of small molecule inhibitor activity by tracking the binding and dissociation 
of fluorescent substrates to target proteins in living cells. In this paper, we synthesized a cell membrane- 
impermeable benzenesulfonamide-conjugated rhodamine 6G derivative, CA532, which dynamically binds to 
cells expressing carbonic anhydrase IX (CAIX) for fluorescence imaging of cell membranes, while small molecule 
inhibitors competitively displace CA532 from CAIX, resulting in a decrease in the fluorescence intensity on the 
cell membrane. The activity of different inhibitors cause concentration-dependent dynamic binding and disso
ciation of protein-substrate complexes, and the associated diverse replacement processes can be fully revealed by 
fluorescence imaging of cell membranes, which also enables CA532 to screen CAIX inhibitors in situ in living 
cells.   

1. Introduction 

Cell membrane proteins provide numerous vital biological functions 
in cell physiology, such as catalysis of enzymes, transport, signal 
transmission, cell recognition, intercellular joining and attachment 
[1–3]. A large number of human disorders were linked to aberrant 
membrane proteins; in fact, over sixty percent of FDA-approved small 
molecule therapies targeted cell membrane proteins [4]. Therefore, it is 
essential to develop screening and detection methods for membrane 
protein inhibitors. Molecular computing and high-throughput screening 
of molecular libraries were the traditional methods for drug discovery 
[5]. Detection of protein binding ability, for instance, frequently ne
cessitates the identification of pure proteins in test tubes employing 
fluorescence [6–8], NMR [9], mass spectrometry [10], and other tech
niques [11,12]. However, membrane proteins, unlike cytoplasmic pro
teins, are located in the hydrophobic lipid bilayer of the cell membrane, 
which makes in vitro biochemical activities such as protein expression 
and purification extremely difficult [13,14]. Additionally, when 

membrane proteins are removed from their natural environment, they 
may lose vital biological properties. Therefore, it is highly desirable to 
develop inhibitor-finding strategies that are compatible with normal 
physiological circumstances for membrane proteins. 

Carbonic anhydrase IX (CAIX) is a transmembrane zinc metal
loenzyme that catalyzes the reversible hydration of carbon dioxide into 
bicarbonate ions and protons [15]. CAIX belongs to the α class of the 
family of carbonic anhydrases (CAs) expressed in higher vertebrate. Its 
crucial role in intracellular pH maintenance represents the mechanism 
by which cancer cells adapt to the emergency conditions of the extra
cellular environment. In addition, CAIX protein activity enhances cancer 
cell migration and is associated with an increase in the aggressi
ve/invasive aspect of malignancies. Since it is expressed in a range of 
tumor types, CAIX protein is recognized as a marker of tumor hypoxia. 
Its expression is tightly connected with the clinical outcome prognosis 
for a variety of tumor types [16]. All of the aforementioned evidence 
demonstrates CAIX’s outstanding potential as a pharmaceutical thera
peutic target [17,18]. Regardless of the fact that indicator displacement 
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assays (IDAs) have enabled the detection of numerous target inhibitors 
[6,19–24], there still have no simple and uncomplicated method for 
identifying membrane protein CAIX inhibitors in situ. 

In contrast to competitive detection of protein inhibitors in test tubes 
or intracellular environment, inhibitor screening for cell membrane 
proteins requires the probe to be environmentally insensitive and 
incapable of penetrating the cell membrane for an extended period of 
time, thereby reducing intracellular signal interference and enhancing 
detection accuracy [25]. In this paper, we conjugated the environmen
tally insensitive dye rhodamine 6G with the CA protein targeted small 
molecular benzenesulfonamide through a modified methamphetamine 
linker to obtain the probe CA532 as shown in Fig. 1. The existence of 
tertiary amide makes CA532 stable in the zwitterionic form that is not 
suitable for membrane permeation and cannot form the spirolactam 
form which is easily permeable to membranes [26,27]. The very short 
linking group and multiple amide bonds make CA532 not aggregated 
and can be stably dispersed outside the living cells, which makes the 
very low concentration of CA532 outside the cell membrane will not 
cause signal interference to cell membrane imaging. When CA532 binds 
to CAIX and aggregates on the cell membrane, the local high concen
tration of probe produces high fluorescence brightness, which makes the 
cell membrane imaging without washing to remove excess dye mole
cules outside the cell membrane and has an excellent signal-to-noise 
ratio. When a competitive inhibitor is added, CA532 is displaced into 
the cell culture medium and fluorescence is diminished. Using differ
ences in real-time fluorescence intensity on the cell membranes, the 
activities of CAIX inhibitors would be imaged in-situ. 

2. Experimental section 

2.1. Synthesis 

2.1.1. Synthesis of Rho6G-MABA 
Rho6G-COOH (200 mg, 0.48 mmol), EDCI (110 mg, 0.57 mmol) and 

N-Hydroxysuccinimide (66 mg, 0.57 mmol) were dissolved in 15 mL 
dichloromethane and the solution was stirred for 12 h. The solvent was 
removed under reduced pressure to obtain purple red solid without 
further purification. The residue was dissolved in 15 mL acetonitrile 
(ACN) and 60 mg K2CO3, and 4-(methylamino)butanoic acid (154 mg, 
1.38 mmol) were next added to the solution. After stirred for 12 h at 
room temperature, the solvent was removed under reduced pressure and 
the residue was further purified by silica gel chromatography (MeOH 
/DCM = 10:1; V/V) to afforded Rho6G-MABA as a purple red solid 
74 mg, yield 30 % . 1H NMR (400 MHz, DMSO-d6) δ 7.88 (s, 2 H), 
7.75–7.61 (m, J = 8.7, 5.1 Hz, 3 H), 7.54–7.44 (m, 1 H), 6.94 (s, 2 H), 
6.86 (s, 2 H), 3.48 (q, J = 6.9 Hz, 4 H), 3.10 (t, 2 H), 2.90 (s, 3 H), 2.15 
(s, 6 H), 1.68 (t, J = 7.3 Hz, 2 H), 1.27–1.22 (m, J = 7.1 Hz, 8 H). 13C 
NMR (100 MHz, DMSO-d6) δ 174.14, 167.92, 157.07, 156.23, 136.89, 
132.15, 131.25, 130.60, 130.03, 129.86, 129.62, 127.68, 125.50, 
113.36, 94.07, 45.98, 38.36, 37.34, 30.79, 21.57, 17.99, 14.06. HRMS 
(ESI) m/z Found 514.2709 [M]+, calculated 514.2700 for C31H36N3O4

+. 

2.1.2. Synthesis of CA532 
Rho6G-MABA (20 mg, 0.04 mmol) and TSTU (14 mg, 0.05 mmol) 

were dissolved in 3 mL DMF under a nitrogen atmosphere. After added 
DIPEA (34 µL, 0.20 mmol), the reaction was stirred at room temperature 
for 30 min. Then a solution of mafenide hydrochloride (10 mg, 
0.05 mmol) in DMF (1 mL) was added. The reaction was stirred an 
additional 12 h at room temperature. After the reaction is complete, the 
solvent was removed under reduced pressure. The crude product was 
purified by silica gel chromatography (MeOH /DCM = 5:1; V/V) to 
afforded CA532 as a purple red solid 11 mg, yield 41 % . 1H NMR 
(400 MHz, MeOD) δ 7.77 (d, J = 8.3 Hz, 2 H), 7.66 (dd, J = 5.4, 3.5 Hz, 
2 H), 7.59 (d, J = 3.4 Hz, 1 H), 7.42 (dd, J = 5.8, 3.0 Hz, 1 H), 7.29 (d, J 
= 8.2 Hz, 2 H), 6.95 (s, 2 H), 6.76 (s, 2 H), 4.27 (s, 2 H), 3.40 (dt, J =
21.6, 7.3 Hz, 4 H), 3.11 (t, J = 7.2 Hz, 2 H), 2.85 (s, 3 H), 2.08 (s, 6 H), 
1.69 (t, J = 7.5 Hz, 2 H), 1.35–1.17 (m, 8 H). 13C NMR (100 MHz, 
MeOD) δ 173.47, 169.24, 157.43, 156.40, 155.10, 143.36, 142.48, 
136.10, 131.00, 130.23, 129.70, 129.55, 129.38, 127.38, 127.26, 
126.00, 125.27, 113.42, 93.54, 46.16, 42.08, 38.10, 36.58, 32.24, 
22.06, 16.09, 12.64. HRMS (ESI) m/z Found 682.3088 [M]+, calculated 
682.3058 for C38H44N5O5S+. 

2.2. Spectral measurements 

The probe stock solution (2 mmol) was produced in DMSO unless 
otherwise stated, and the absorption and fluorescence spectra were 
measured in a standard quartz cuvette. The measured solutions (5 μM) 
were prepared by diluting the probe stock solutions to the corresponding 
concentration. λex = 505 nm. 

Rho6G was used to determine the relative fluorescence quantum 
yields of the substances Rho6G-MABA and CA532 (Rho6G’s fluores
cence quantum yield in PBS is 0.95). And the well-established literature 
equation is employed to calculate quantum yield [28]. 

2.3. Living cells imaging 

According to our published work, the cytotoxicity of CA532 was 
tested prior to cell imaging using the conventional MTT assay [29]. HeLa 
cells were cultured in a humidified atmosphere of 5 % CO2/95 % air at 
37 ◦C to reach 60–80 % confluency, then transfected CAIX plasmids by 
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s pro
tocol. And for cell membrane imaging, cells were incubated with probe 
for 10 min at 37 ◦C, then directly used for cell membrane protein CAIX 

Fig. 1. Schematic illustration of wash-free imaging of plasma membrane CAIX 
protein and fluorescence competition assay by the probe CA532. [CA532]PM 
represents the dye concentration on the cell membrane; [CA532]EC represents 
the dye concentration outside the cell membrane. 
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imaging. 
For long-term confocal imaging, we incubate the CAIX -transfected 

HeLa cells with CA532 for 10 min, and then directly used for cell 
membrane protein CAIX imaging and take one image every 10 min for a 
total of 2 h. 

2.4. Fluorescent competition in living cells 

For inhibitor inhibition rate assay, living HeLa cells which trans
fected CAIX protein were incubated with CA532 for cell membrane 
imaging, then inhibitor was added to the cell dish without any wash and 
one image was collected every 5 s for a total of 5 min. 

For inhibitor competition assay for membrane-bound CAIX protein 
on HeLa cells. The concentration of probe CA532 was fixed at 500 nM in 
each experiment. Following the addition of the probe to the HeLa cells 
cultivated with transfected CAIX plasmids, a stock solution of each in
hibitor was added to the cells stained with the probe, and fluorescence 
imaging was performed without any washing processes. After each 
concentration of inhibitor was added, incubated for 10 min, imaged, and 
averaged from three fields of view. All of the average intensity of cell 
membrane was calculated by using imageJ plug in MorphoLibJ [30]. 

3. Results and discussion 

3.1. Design of CA532 

In the indicator-displacement assay for cellular membrane proteins, 
the optical and chemical properties of the fluorescent inhibitor (fluo
rescent probe) are crucial. The ideal fluorescent probe should possess a 
high signal-to-noise ratio, excellent photostability, and a lengthy cell 
membrane retention period. As shown in Fig. 1, rhodamine 6G was se
lective as the fluorophore for its high brightness and photostability. The 
linking group 4-(methylamino)butanoic acid dramatically reduced the 
permeability of rhodamine dyes through cell membranes. With 

benzenesulfonamide serving as the targeting group for carbonic anhy
drase, the lowered inhibitory activity can greatly expand the probe’s 
detection range. Due to its binding with CAIX protein, the fluorescence is 
boosted when the probe aggregates to the cell membrane; when an in
hibitor competes with the probe, the probe is re-released to the cell 
culture and the fluorescence on cellular membrane is quenched, 
enabling selective imaging of inhibitor activity. 

3.2. Optical properties of CA532 

Rhodamine dyes have high quantum yields and absorbance and are 
widely used for biological labeling and tracking [31–33]. However, for 
molecules such as tetramethylrhodamine or Rhodamine B, the two ends 
of the conjugated system use dialkylamino groups as electron-donating 
groups, respectively. During the excitation process of absorbing light, a 
twisted intramolecular charge transfer (TICT) will occur, resulting in 
fluorescence quenching [28]. In the Rhodamine 6G dye, the two ends of 
the conjugated system are used as electron-donating groups by ethyl
amino groups to reduce the possibility of generating TICT, which makes 
Rhodamine 6G have a very high quantum yield. As shown in Table S1 
and Fig. 2, CA532 maintains a quantum yield close to 1 in aqueous so
lution. Compared with Rhodamine 6G and the precursor compound 
Rho6G-MABA, the molar extinction coefficient of CA532 also did not 
change, the absorption and emission wavelengths in different solvents 
also changed little, and the emission wavelength was not affected by pH 
and dye concentrations. (Table S1) These results all indicate that CA532 
is uniformly dispersed in aqueous solution, and the fluorescence emis
sion is not affected by the environment and remains stable. To our 
knowledge, CA532 is one of the brightest sulfonamide wash-free sub
strates reported so far (Table S2: comparison with reported fluorescent 
substrates). 

Fig. 2. (a) Absorption and (b) fluorescence spectra of 5 μM Rho6G-MABA in various solvents; (c) fluorescence spectra of 5 μM Rho6G-MABA in different pH buffer 
solutions; (d) normalized fluorescence intensity spectra of different concentrations of Rho6G-MABA in PBS (10 mM, pH = 7.4). 
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3.3. Wash-free and long-term imaging of CAIX 

MTT assays were used to examine the toxicity of CA532 to HeLa cells 
before it was used in biological imaging (Fig. S1). After incubating 
normal HeLa cells with varying concentrations of CA532 for 24 h, the 
cell viability always maintains a high survival rate (90 % ), showing that 
the CA532 has low cytotoxicity. Following that, fluorescence imaging in 

vitro was done to assess its detection ability in HeLa cells transfected 
CAIX plasmids. As shown in Fig. 3, CA532 could specifically label the 
plasma membrane and exhibited excellent signal-to-noise ratios of 15 
folds. In contrast, untransfected HeLa cells indicated by white arrows 
have no fluorescent signal from the cell membrane. After 1 min of in
cubation with the inhibitor acetazolamide (AAZ), the fluorescence 
signal on the cell membrane immediately reduced to one-seventh of its 

Fig. 3. Wash-free imaging of cell membrane protein CAIX in living cells using CA532. HeLa cells were transfected with CAIX plasmids. (a) Confocal imaging of HeLa 
cells stained with CA532 (500 nM) and (b) merged with bright fields. White arrows indicated those HeLa cells with no plasmid transfected. (c) The addition of 
inhibitor AAZ (10 μM) to the cell dish, incubated with 1 min (d) Intensity profile of regions of interest (ROI) across green line. Scale bar: 10 µm. 

Fig. 4. Cell impermeable capacity of probe CA532. (a) Long-term confocal imaging of HeLa cells transfected with membrane protein CAIX, and cells were stained 
with CA532 (500 nM). (b) Long-term confocal imaging of normal HeLa cells stained with CA532 (500 nM). (c) The relative fluorescence intensity changes of cell 
membrane, intracellular space, and extracellular space within two hours in (a). Scale bar: 20 µm. 
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initial level. 
We further tested the membrane permeability of the probe. The 

probe CA532 can produce stable imaging for up to two hours in HeLa 
cells transfected with CAIX protein, and the fluorescence intensity is still 
stable at more than 90 % after two hours (Fig. 4). Simultaneously, we 
imaged normal HeLa cells and a weak fluorescence signal was observed 
on the cell membrane, which could be attributed to the probe’s lipid 
solubility, which causes it to have an affinity for cell membrane lipids. 
These results indicate that the probe CA532 is impermeable to the 
membrane, and evenly dispersed outside the cell membrane, because 
the concentration is very low, the background fluorescence intensity is 
very small, and it is difficult to affect the cell membrane imaging. When 
bound to target proteins in the cell membrane, the dye emits high- 
brightness fluorescence due to the marked increase in the local con
centration of the dye, enabling wash-free cell membrane imaging. The 
excellent photostability of rhodamine 6 G also provides a basis for 
subsequent fluorescence imaging to track the dynamic process of bind
ing and dissociation of small molecule protein complexes. It is worth 
noting that the fluorescent staining of cell membrane proteins has 

always had the problem that fluorescent substrates are easy to penetrate 
the membrane. The membrane-impermeable and uniformly dispersed 
fluorescent ligands such as Rho6G-MABA provide the possibility to 
derive fluorescent substrates targeting other membrane proteins. In the 
follow-up work, we will conjugate other functional small molecule 
groups in Rho6G-MABA through the generation of amides, and carry out 
more work on the imaging of cell membrane functional proteins and the 
screening of inhibitors. 

3.4. Dynamic binding-dissociation images of CA532 for inhibitor 
screening 

We comprehensively assessed the potential utility of this model in 
membrane protein inhibitor screening which using the reversible 
binding-dissociation dynamic imaging of fluorescent inhibitor CA532 
with CAIX protein. Therefore, we first tried to evaluate the inhibition 
rate of membrane proteins by three commercial carbonic anhydrase 
inhibitors (AmBS, AAZ and EZA) (Fig. 5). After staining with CA532 
(0.5 μM), the HeLa cells which transfected CAIX plasmids were mixed 

Fig. 5. Evaluation of membrane protein (CAIX) inhibitors activity and screening. (a) Confocal fluorescence imaging of different inhibitors incubated with living HeLa 
cells (preincubated with 500 nM CA532) which transfected with CAIX plasmids: first line with 5 μM EZA, second line with 5 μM AAZ, third line with 5 μM AmBS, and 
fourth line without any drugs. (b) Chemical structures of different inhibitors for CAIX protein. (c) Time-dependent changes of fluorescence intensity on cell 
membrane obtained from (a). (d) Fluorescence imaging of HeLa cells transfected with CAIX protein treated with probe CA532 (500 nM) in the absence or presence of 
inhibitors. (e) Fluorescence titration assays of the relative fluorescence intensity changes on cell membrane (I/I0 − 1) as functions of inhibitors’ concentration. 
Inhibitor concentration: mol. Scale bar: 20 µm. 
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with several CA inhibitors, and changes in fluorescence were imaged 
without any washing operations. When the stronger inhibitor EZA 
(5 μM) was added to the culture medium, a significant decrease in 
fluorescent intensity at the cell surface was induced, and the time for the 
intensity drop to half was only 42 s. As for moderate inhibitor AAZ 
(5 μM), the fluorescence intensity reduced more slowly, and takes 212 s 
to halve. In contrast, with weaker inhibitors AmBS (5 μM) or no in
hibitors (only DMSO), only small changes in fluorescence were observed 
(Fig. 5a-c). Finally, dynamic binding-dissociation imaging-based drug 
screening for CAIX was performed on live HeLa cells which transfected 
CAIX plasmids using probe CA532. Based on the titration curves, the 
IC50 values of these three carbonic anhydrase inhibitors were calculated 
to be 12 nM for EZA, 105 nM for AAZ and 2.5 μM for AmBS. However, 
the literature values (Ki) for CAIX protein were reported to be 34 nM 
(EZA), 25 nM (AAZ), and 103 nM (AmBS), respectively [34]. It is 
obvious that the inhibitory activities of AAZ and AmBS obtained by us 
are quite different from those reported in the literature. Since the data in 
the literature were obtained from purified proteins and ours was ob
tained from cell imaging, these differences may be due to differences in 
the test system. Considering the fact that protein activity can only be 
maintained in situ on living cells, we believe that in situ detection of cell 
membrane protein inhibitors is crucial in order to completely assess the 
inhibitors’ efficacy. As a result, cell membrane affinity may affect in
hibitor binding and may reduce the inhibitory capabilities of AAZ and 
AmBS. 

4. Conclusions 

In summary, we have developed a probe CA532 for wash-free im
aging membrane protein CAIX and a screening test for membrane pro
tein inhibitors in situ was conceived. Generally, probes used to detect 
the activity of cell membrane protein inhibitors like CA532 must have 
the following properties: 1) high fluorescence brightness, stability and 
signal-to noise ratio, which reduces non-specific fluorescence fluctua
tions in detection; 2) appropriate target affinity and low cytotoxicity; 3) 
cell membrane impermeability to reduce the effect of intracellular 
fluorescent signal on detection. Because it removes the necessity for 
employ separate pure proteins for candidate small molecule drugs 
screening, the idea of cell membrane fluorescence inhibitor competition 
assays for inhibitor detection is generalizable and has extensive appli
cability. And then, many small molecule inhibitors based on cell mem
brane proteins, including CAIX protein, have been developed and 
reported; these inhibitors could use our assay to utilized to rapidly 
examine the inhibitory activity in situ. We believe that our probe and 
fluorescent competition assay facilitates for broad investigation into 
membrane protein inhibitors. 
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