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An effective thiol-reactive probe for differential scanning 
fluorimetry with a standard RT-PCR device

Lukas Hofmann1,2, Sahil Gulati1, Avery Sears1, Phoebe L. Stewart1, and Krzysztof 
Palczewski1,2

1Department of Pharmacology and Cleveland Center for Membrane and Structural Biology, 
School of Medicine, Case Western Reserve University, 10900 Euclid Avenue, Cleveland, OH 
44106, USA

Abstract

Differential scanning fluorimetry (DSF) is used to assess protein stability, transition states, or the 

Kd’s of various ligands, drug molecules and antibodies. All fluorescent probes published to date 

are either incompatible with hydrophobic proteins/ligands, which precludes analyses of 

transmembrane or membrane associated proteins, or have excitation and detection wavelengths 

outside the range of RT-PCR machines, necessitating the use of dedicated devices. Herein, we 

describe a thiol-reactive probe BODIPY FL L-cystine (BFC) to overcome both of these 

shortcomings. The probe supports an inexpensive application of DSF measurements suitable for 

detection with standard RT-PCR machines in a hydrophilic or hydrophobic environment.
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Introduction

Differential scanning fluorimetry (DSF) has versatile applications in protein biochemistry, 

(membrane-) protein crystallography, electron microscopy, as well as ligand, drug and 

antibody screening (1–12). Thermal denaturation of a protein can be monitored with 

different fluorescent probes that interact with exposed hydrophobic moieties or Cys 

residues. The change of fluorescence upon interaction is monitored by a UV/ VIS- detector 

and is plotted as a function of temperature (4). The response curves then can be used to 

determine the melting temperature of the protein calculated as the first derivative of the 

sigmoidal curve, or by fitting the curve to the Boltzmann equation (4, 5, 13, 14).
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Herein, we introduce the boron-dipyrromethene (BODIPY) based probe BFC which enabled 

DSF measurements of various proteins in a hydrophobic environment and detection of the 

fluorescent signal (λex = 504 and λem = 511 nm) with a standard RT-PCR machine. The 

functionality of the BFC probe as a reporter dye was assessed with chicken lysozyme C 

(UNIPROT ID: P00698) and bovine rhodopsin (UNIPROT ID: P02699), as a representative 

membrane protein.

Materials and Methods

Preparation and storage of the BFC probe

One mg of BFC was purchased from Invitrogen (B-20340). The probe was diluted to a final 

concentration of 10 mM in DMSO and stored in 1 μl aliquots in the dark at −20 °C. The 

final working concentration of 2 μM BFC was used throughout the DSF experiments by 

diluting the DMSO stock with deionized water before adding it to a sample.

Preparation and storage of the Sypro-orange probe

The Sypro-orange 5000x concentrate was purchased from Invitrogen (S-6650), and stored in 

the dark at 4 °C. A final working concentration of 5x Sypro-orange was used throughout the 

DSF experiments by adding the DMSO stock solution to the sample (6). If the required 

volume was less than 1 μl, 5000x Sypro-orange was diluted in deionized water before 

adding it to a sample.

Preparation of the lysozyme samples

Lysozyme C (UNIPROT ID: P00698) was purchased from Sigma Aldrich (L6876). 

Lyophilized lysozyme powder was solubilized in PBS buffer (NaCl, 137 mM; KCl 2.7 mM; 

Na2HPO4, 10 mM; and KH2PO4, 1.8 mM) pH 7.4 to a final concentration of 10 mg/ml. A 

series of two-fold dilutions in PBS was prepared in a MicroAmp Fast Optical 96-Well 

Reaction Plate (4346906) from Applied Biosystems.

Purification of bovine rhodopsin (UNIPROT ID: P02699)

All manipulations were carried out in a darkroom under dim red illumination (>650 nm). 

Rod outer segments (ROS) were prepared as previously described (15, 16). Briefly, crude 

ROS were isolated from dark adapted bovine retina (W. L. Lawson Co., Lincoln, NE) by a 

sucrose gradient extraction method. Purified ROS membranes (20 mg/mL rhodopsin) were 

solubilized by the zinc/alkyl-glucoside extraction method and centrifuged at 100,000g for 40 

min to extract rhodopsin (17). The clear supernatant was further purified by gel filtration 

chromatography on a Superdex-200 column (GE-Healthcare) in 50 mM Tris, pH 7.5, 100 

mM NaCl, 1 mM MgCl2 and 0.02% n-dodecyl β-D-maltoside. Purified rhodopsin was 

concentrated to 2.6 mg/ml and used for DSF experiments.

Experimental sample preparation and fluorescence measurements

The dilution series were constructed in duplicate. Each well contained 9 μl of protein sample 

plus 1 μl of dye. The plate was sealed with ClearSeal film (HR4-521) from Hampton 

Research. The final probe concentration was 2 μM for BFC and 5x times for Sypro-orange. 
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The plate was incubated for 10 min on ice prior to DSF measurements. The dilution series 

revealed the optimal working concentration for DSF measurements, which was then verified 

in quadruplicate.

All DSF measurements were performed with a StepOnePlus System (4376600) from 

Applied Biosystems. The melting curve experiments were conducted and recorded using 

StepOne Software v2.3 from Applied Biosystems. The SYBR®, FAM™ and ROX™ 

channels were used simultaneously to record the change in fluorescence. The run was set to 

cool down to 4 °C within 10 s, kept at 4 °C for 1 min and then increased 1 °C per min in a 

step and hold manner up to 99.9 °C. The multicomponent data was exported on a Microsoft 

EXCEL sheet and analyzed with the XLfit package 5 (5).

Data analysis

Data were analyzed by averaging and normalizing the fluorescence intensities from the 

multicomponent experiments. Normalized curves were fitted to the Boltzmann equation (i) 

using the XLfit package 5.

Results

BODIPY FL L-cystine method validation

The melting temperature of lysozyme (74 ± 0.5 °C) w as previously determined using 

different methodology (18–21). A comparison between Sypro-orange and BFC was made 

with a lysozyme concentration at 2.25 mg/ml (Fig. 1a & b). The melting temperatures were 

68.6 °C with Sypro-orange (Fig. 1b) and 74.4 °C with the BF C probe (Fig. 1d). The melting 

temperature obtained with BFC coincides with label-free measurements as stated above. 

Conversely, measurements with the Sypro-orange probe differed by 5.8 °C. This difference 

originates from the pH dependence of the lysozyme DSF data measured with the Sypro-

orange probe as reported previously (21). Agreement of the melting temperature between 

label free measurements and BFC supports the usage of this probe for DSF.

Rhodopsin stability

The melting temperatures of bovine rhodopsin in ROS disk membranes are 71.9 °C and 55.9 

°C for the dark and bleached states, respectiv ely (22, 23). The measurements with Sypro-

orange could not be analyzed because of its high initial fluorescence and the absence of a 

transition (Fig. 2a & b). Figure 2b reveals the averaged quadruplicate DSF measurements at 

9.14 μg/ml sample concentration. Analysis of this sample revealed a melting temperature of 

72.1 °C, which is consistent with the published value (Fig. 2c). Overall, the data show that 

BFC is an effective probe to obtain DSF measurements of hydrophobic proteins.

Discussion

Comparing DSF measurements between Sypro-orange and BFC demonstrated the superior 

data obtained with BFC. Moreover, the melting temperature of lysozyme measured with 

BFC is identical with the results obtained with label-free methods. The concentration-

dependent melting temperatures observed with both lysozyme and rhodopsin indicated that 
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DSF measurements have to be conducted at a fixed protein concentration to allow accurate 

comparison.

BFC belongs to the class of thiol-reactive probes, and therefore it suffers from similar 

shortcomings as CPM (9). The main limitations are the pH dependence of thiol formation, 

the interaction with reducing agents and the interference of the probe with a ligand binding 

site (4, 9, 14, 24). Nevertheless, we have shown these shortcomings can be overcome by 

careful sample preparation, initial evaluation of the protein, probe concentrations, and 

careful data analyses.

Conclusions

We demonstrate here that BFC is a versatile thiol-reactive compound that can be used for 

high-throughput DSF measurements of membrane proteins, proteins with hydrophobic 

binding sites or hydrophobic ligands. The absorption and fluorescent emission of BFC 

allows signal detection with a standard RT-PCR device. Moreover, the initial dimeric state 

of BFC enhances the intensity of the fluorescent signal, producing greater assay sensitivity 

and permitting lower probe concentrations, if desired. These properties render BFC a 

superior probe for high-throughput DSF measurements with standard RT-PCR equipment.
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BFC BODIPY FL L-cystine

CPM N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl] maleimide

DSF differential scanning fluorimetry

ROS rod outer segments
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Highlights

• BODIPY FL L-cystine as thiol reactive probe for differential scanning 

fluorimetry

• Differential scanning fluorimetry of membrane proteins or in presence of 

hydrophobic ligands

• High-throughput differential scanning fluorimetry measurements with a 

standard RT- PCR device
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Figure 1. 
DSF measurements of lysozyme. a) Fluorescence emitted by Sypro-orange and BFC in the 

presence and absence of lysozyme. Measurements in the absence of protein are shown in 

violet for BFC and blue for Sypro-orange. Fluorescence in the presence of lysozyme is 

presented in green for BFC and red for Sypro-orange. b) Normalized fluorescence of 

lysozyme measured with BFC in violet and Sypro-orange in blue. Error bars indicate the 

standard deviation of quadruplicate samples. c) Thermal unfolding of lysozyme measured 

with Sypro-orange. The first transition of the normalized curve was fitted to the Boltzmann 

equation and resulted in a melting temperature determined at 68.6 °C. d) Thermal unfolding 

of lysozyme measured with BFC. The first transition of the normalized curve was fitted to 

the Boltzmann equation and resulted in a melting temperature of 74.4 °C. Variables A –D 

correspond to the values described by the Boltzmann equation.
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Figure 2. 
DSF measurements of bovine rhodopsin. a) Fluorescence emitted by Sypro-orange and BFC 

in the presence and absence of rhodopsin. Measurements in the absence of protein are shown 

in violet for BFC and blue for Sypro-orange. Fluorescence in the presence of rhodopsin is 

presented in green for BFC and red for Sypro-orange. b) Normalized fluorescence of 

rhodopsin measured with BFC in violet and Sypro-orange in blue. Error bars indicate the 

standard deviations of quadruplicate samples. The blue curve shows a high initial 

fluorescence and no transition curve upon unfolding. The violet curve shows an initial 

fluorescence which is reduced and subsequently increases upon unfolding of the protein. c) 
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The normalized fluorescence of rhodopsin is fitted to the Boltzmann equation and resulted in 

a melting temperature of 72.1 °C. Variables A –D co rrespond to the values described by the 

Boltzmann equation.
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