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SHORT ABSTRACT: 
Here, we describe a set of methods for characterizing the interaction of proteins with membranes of cells or microvesicles.

LONG ABSTRACT:
In the human body, most of the major physiologic reactions involved in the immune response and blood coagulation proceed on the membranes of cells. An important first step in any membrane-dependent reaction is binding of protein on the phospholipid membrane. An approach to studying protein interaction with lipid membranes has been developed using fluorescently labeled proteins and flow cytometry. This method allows the study of protein–membrane interactions using live cells and natural or artificial phospholipid vesicles. The advantage of this method is the simplicity and availability of reagents and equipment. In this method, proteins are labeled using fluorescent dyes. However, both self-made and commercially available, fluorescently labeled proteins can be used. After conjugation with a fluorescent dye, the proteins are incubated with a source of the phospholipid membrane (microvesicles or cells), and the samples are analyzed by flow cytometry. The obtained data can be used to calculate the kinetic constants and equilibrium Kd. In addition, it is possible to estimate the approximate number of protein binding sites on the phospholipid membrane using special calibration beads.

INTRODUCTION:  
Biomembranes separate the inner contents of animal cells and extracellular space. Note that membranes also surround microvesicles formed during the cell’s life cycle and organelles. The cell membrane is predominantly composed of lipids and proteins. Membrane proteins perform signaling, structural, transport, and adhesive functions. However, the lipid bilayer is also essential for the interrelation of the animal cell with the extracellular space. This paper proposes a method for studying the peripheral interaction of external proteins with the lipid membrane.

The most striking example of reactions occurring on the outer membrane layer of an animal cell is the blood coagulation reaction. An important feature of blood coagulation is that all the main reactions proceed on the phospholipid membranes of cells and microvesicles arising from these cells and not in the plasma1–3. Membrane-dependent reactions include the process of starting coagulation (on the cell membranes of the subendothelium, inflamed endothelium, or activated immune cells, with the participation of a tissue factor), all reactions of the main cascade—activation of factors IX, X, prothrombin; activation of factor XI by thrombin (on the membranes of activated platelets, erythrocytes, lipoproteins, and microvesicles); reactions of the protein C pathway; inactivation of coagulation enzymes (on the membranes of endothelial cells with the participation of thrombomodulin cofactors, endothelial protein C receptor, heparan sulfate); and contact pathway reactions (on membranes of platelets and some microvesicles with the participation of unknown cofactors). Thus, it is impossible to investigate blood coagulation without studying the interaction of various plasma proteins with the membrane of blood cells.

This paper describes a flow-cytometry-based method for characterizing the interaction of proteins with lipid membranes of cells or microvesicles. This approach was initially proposed to study the interaction of blood plasma with platelets and artificial phospholipid vesicles. Moreover, most of the studied proteins interact directly with negatively charged membrane phospholipids, particularly with phosphatidylserine4, 5. Additionally, there are proteins whose interaction with the membrane is mediated by special receptors6.  

An important ability of flow cytometry is discriminating between free and bound ligands without additional separation. This feature of cytometry allows the study of ligand equilibrium binding at the endpoint and helps perform continuous kinetic measurements. The technique is unsophisticated and does not require complex sample preparation. Flow cytometry is actively used to quantitatively study the dynamics of interaction between fluorescent peptides, receptors, and G-proteins in intact and detergent-permeable neutrophils7. This approach is also applicable for exploring protein–DNA interactions and the kinetics of endonuclease activity in real time8. Over time, this method was used to quantitatively study high-affinity protein–protein interactions with purified lipid vesicles9, or, more generally, with membrane proteins expressed in a highly efficient Sf9 cell expression system10. Quantitative methods have also been described for characterizing protein–liposome interactions using flow cytometry for transmembrane proteins11.

This technique uses self-made calibration beads to avoid using commercially available beads7. The calibration beads used previously7 were intended to work with fluorescein, which substantively restricted the assortment of accessible fluorescent ligands on the proteins. In addition, this paper offers a new way to acquire and analyze kinetic data for reasonable time resolution. Although this method is described for artificial phospholipid vesicles, there are no obvious limitations for its adaptability to cells, natural vesicles, or artificial phospholipid vesicles with a different lipid composition. The method described herein allows the estimation of the parameters of interaction (kon, koff) and equilibrium (Kd) and facilitates quantitative characterization of the number of protein binding sites on the membrane. Note that this technique provides an approximate estimate of the number of binding sites. The advantages of the method are its relative simplicity, accessibility, and adaptability to native cells and natural and artificial microvesicles.

PROTOCOL:

1. Fluorescent protein labeling

1.1.	Material preparation

1.1.1.	Prepare 1 M Sodium bicarbonate buffer, pH 9.0, store it at 4 &#176;C, and use it within one week.

1.1.2. Prepare M hydroxylamine hydrochloride, pH 8.5, immediately before use. 

1.1.3.	Prepare a 10 mg/mL solution of fluorescent dye (see the Table of Materials) in dimethylsulfoxide.

NOTE: This solution can be stored for a month at -20 &#176;C in the dark.

1.1.4.	Prepare solutions of purified antibodies or other proteins at 1–10 mg/mL.

NOTE: Avoid buffers containing ammonium ions or primary amines. Replace the buffers containing Tris or glycerol with phosphate-buffered saline (PBS) by dialysis. Neither sodium azide (≤3 mM) nor thimerosal (≤1 mM) will significantly affect the conjugation reaction.

1.1.5.	Incubate the gel filtration medium (see the Table of Materials) for protein purification in PBS overnight at room temperature or for 2 h at 60 &#176;C. Apply the gel filtration medium onto spin columns with 0.2 &#181;m membranes.

1.2. Calculate the amount of reactive dye to be used for each reaction according to the concentration of protein to be labeled by using Eq (1).



Where 100 is a unit conversion factor; MR is the molar ratio of dye to protein in the reaction mixture. 

NOTE: The following MRs are recommended for IgG labeling reactions: MR = 40 if the antibody is at 1–3 mg/mL or MR = 30 if the antibody is at 4–10 mg/mL. For coagulation factors, MR = 5 is usually used.

1.3.Conjugation reaction

1.3.1.	In a reaction tube, mix the protein solution with a 10x lower volume of 1 M bicarbonate solution.

1.3.2.	Add the required amount of fluorescent dye (see step 1.2) with continuous stirring.

1.3.3.	Incubate the reaction mixture at room temperature for approximately 1 h, protected from light and with continuous stirring.

1.3.4.	For each 200 &#181;L of protein solution, add 5 &#181;L of 1.5 M hydroxylamine hydrochloride.

1.3.5.	Incubate the reaction mixture at room temperature for approximately 30 min, protected from light and with continuous stirring.

1.4.	Prepare the spin column.

1.4.1.	Add 500 &#181;L of gel filtration medium for protein purification to a column. Centrifuge the column for 3 min at 1,000 &#215; g.

1.4.2.	Discard the buffer from the collection tube. If the column is not full, add more gel filtration medium, and centrifuge the column for 3 min at 1,000 &#215; g. Repeat this step until the column is full.

1.5.	Purification 

1.5.1.	Centrifuge the reaction mixture (from step 1.3.5)  for 5 min at 17,000 &#215; g and remove the precipitate.

1.5.2	Transfer the supernatant to the spin column with gel filtration medium. Allow the solution to absorb into the gel bed. 

1.5.3.	Use an empty collection tube for the spin column and centrifuge it for 5 min at 1,000 &#215; g. After centrifugation, collect the labeled protein from the collection tube.

1.6.	Determination of the degree of labeling

1.6.1.	Correct for the contribution of the dye to the absorbance at A280 by measuring the absorbance of free dye at 280 nm (A280) and the λmax for the dye (Amax) (see Eq (2)). 

					(2)

1.6.2.	Measure the absorbance of the protein–dye conjugate at 280 nm (A280) and the λmax for the dye (Amax) using Eq (3).

			 (3)

Where ε is the molar extinction coefficient of the protein at 280 nm. 

1.6.3.	Calculate the degree of labeling (DOL) using Eq (4).

,					(4)

2.	Preparation of phospholipid vesicles

2.1. Preparation and storage of the lipid mixture

2.1.1.	Combine the lipids in the appropriate ratio (phosphatidylserine:phosphatidylcholine at a ratio of 20 mol%:80 mol%).

2.1.2.	Dry the lipid mixture after lyophilization or evaporation and store it under an inert atmosphere in glass ampules.

2.2.	Lipid film production

2.2.1.	Open the ampule, and resuspend the lipid mixture in a small amount (~100 &#181;L) of chloroform. 

NOTE: Do not use too much chloroform as it does not evaporate completely.

2.2.2.	Add DiIC16(3) in ethanol at 0.2 mol%. Transfer the lipid mixture to a round bottom flask. Spread the mixture thinly over the sides of the flask by rotating it. Dry the lipid mix for 30 min under an argon stream.

2.3.	Hydration of the lipid mixture

2.3.1.	Add a suitably warm (~55 &#176;C) aqueous buffer (HEPES 20 mM, NaCl 140 mM, pH 7.4) in a volume corresponding to the expected lipid concentration to the flask with the lipid film. Incubate the mixture with vortexing at 55 &#176;С for 30 min for complete hydration.

2.3.2.	Placing the sample tube in a freezer or warm thermostat to make the lipid suspension undergo 3–5 freeze-thaw cycles.

2.4.	Formation of lipid vesicles by extrusion

2.4.1.	Prepare the extruder according to the manufacturer’s instructions. Warm up all the extruder components to the phase transition temperature of the lipid mixture.

2.4.2.	Fill one of the extruder syringes with the hydrated lipid mixture. Wait for 5–10 min for the temperature of the lipid suspension to equilibrate with the temperature of the extruder.

2.4.3.	Extrude the lipid mixture through the membrane at least 10 times. For the final extrusion, place the lipid suspension in the alternate syringe and look for a change in appearance from a slightly nebulous to a clear solution.

2.4.4.	Store the resulting mixture of lipid vesicles at 4 &#176;C, preferably in an inert atmosphere of argon or nitrogen, for 3–4 days. Do not freeze.

3.	Isolation of platelets from whole blood

3.1.	Collect whole blood from healthy donors in tubes containing 3.2% sodium citrate.

3.2.	Add prostaglandin E1 (PGE1) (1 &#181;M) and apyrase (0.1 U/mL) to the blood, followed by centrifugation at room temperature at 100 &#215; g for 8 min.

3.3.	After centrifugation, take the platelet-rich plasma and add sodium citrate solution (106 mM, pH 5.5) to a plasma: citrate ratio of 3:1. Centrifuge the plasma at room temperature at 400 &#215; g for 5 min.

3.4.	Remove the supernatant, and resuspend the pellet in 300 &#181;L of Tyrode's buffer without BSA (20 mM HEPES, 150 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 0.4 mM NaH2PO4, 2.5 mM CaCl2, 5 mM glucose, pH 7.4). Purify the platelets from plasma proteins by gel chromatography on the gel filtration medium for platelet purification (see the Table of Materials). 

4.	Detection of protein–lipid interaction by flow cytometry

4.1. Kinetic binding experiments

4.1.1.	Dilute phospholipid vesicles (from step 2.4.4) in Tyrode's buffer (20 mM HEPES, 150 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 0.4 mM NaH2PO4, 2.5 mM CaCl2, 5 mM glucose, 0.5% BSA, pH 7.4) to a concentration of 1 &#181;M and total volume of 250 &#181;L.

4.1.2.	Mix fluorescent-labeled coagulation factor X (fX-fd) from step 1 at a concentration of 500 nM with the phospholipid vesicles from step 4.1.1 in a 1:1 ratio (final vesicle concentration 0.5 &#181;M, fX-fd concentration is 250 nM of fX) to a total volume of 500 &#181;L.

4.1.3.	Immediately inject the 500 &#181;L of the mixed suspension (~20 min for analysis with a low flowing rate) into the flow cytometer. Use a low flow rate and ensure that the threshold for channel FL2 is as follows: exсitation 488 nm, emission filter 585/42 nm. Measure the mean fluorescence in channel FL4 (exсitation 633 nm, emission filter 660/20) for the fluorescence dye from the Table of Materials.

NOTE: Choose a cytometer without an autosampler. This will speed up the process of injection of the sample into the measuring cell. 

4.1.4.	When saturation of binding is achieved (no significant increase in fluorescence within 5 min), rapidly dilute the sample 20-fold with Tyrode’s buffer, and monitor the dissociation until baseline fluorescence is reached (complete dissociation) or until a plateau is reached (no significant decrease in fluorescence within 5 min).

NOTE: As a control, add 10 &#181;M EDTA and monitor complete dissociation for 5 min.

4.2.	Equilibrium binding experiments

NOTE: Use the kinetic curve of binding to determine the time to reach saturation; the time for saturation for fX-fd and artificial vesicles is 20 min.

4.3.	Incubate artificial phospholipid vesicles (5 &#181;M) for the binding assay with different concentrations of fX-fd (from 0 to 1,000 nM) in Tyrode’s buffer for 20 min. 

4.4.	Dilute each sample from step 4.3 by 20x to a final volume of 200 &#181;L with Tyrode’s buffer. Immediately analyze the diluted sample by flow cytometry within 30 s. Use settings from step 4.1.3.

NOTE: As a control for nonspecific binding, use similar samples with EDTA (10 &#181;M) and incubate them for 5 min.
 
5.	Analysis of flow cytometry data

5.1. Export experiments in FSC format from cytometry data acquisition software to cytometer software for data analysis (see the Table of Materials). Choose File | Export | FCS files. Open FSC files in cytometer software for data analysis by selecting the files on the computer and dragging them to the workspace of the program.

5.2. For gating of the microvesicles, identify the region of microvesicles by the fluorescence of the lipophilic dye DiIC16(3). Use menu commands or plot button in the worksheet to create dot plot SSC from FL2 (dye DIiC16(3)) in log coordinates. Choose the Rectangular Gate button to draw a gating region so that events from a sample without vesicles are not included in this region (Figure 1B,C).
 
5.3. Analyze the kinetic experiments. 

5.3.1.	Create a dot-plot using the coordinates of fluorescence (FL4) over time for the region of the vesicles (double-click in the region of vesicles in step 5.2)

5.3.2.	Export the data on the change in fluorescence over time in csv format. Choose Sample | Right-click | Export | Choose FL4 and Time in Parameters | Select directory for saving | Select CSV format | Export.

5.3.3.	Open the CSV file in any statistical software (see the Table of Materials). Calculate a simple moving average of fluorescence and time for every 1,000 events.

5.3.4.	Approximate a graph of the dependence of the simple moving average fluorescence on time under the assumption of exponential dependence (Analysis &gt; Fitting &gt;Nonlinear Curve Fit) and use this to calculate the kinetic association constant using Eq (5).


						(5)

Where [XB] is the bound factor concentration at each moment of time (user-defined units) according to the simple moving average from step 5.3.3; [X] is the added factor concentration; [X]max is the maximum bound factor concentration; k is the association constant; t is the time.

5.3.5.	Repeat the same set of actions  (5.3.1–5.3.4) to calculate the kinetic dissociation constant using Eq (6).


						(6)

Where [XB] is the bound factor concentration at each moment of time; [X]0 is the bound factor concentration at the initial moment of time; k is the dissociation constant; t is the time.

5.4.	Equilibrium binding assay

5.4.1.	Determine the average fluorescence of fX-fd in the region of the vesicles for each selected concentration of fX-fd.

5.4.2.	Approximate the dependence of the bound factor fluorescence from the concentration of the added factor in the assumption of simple single-site binding. Calculate the average binding parameters using Eq (7) from three independent repeats at a minimum.


					(7)

Where [XB] is the bound factor concentration; [X] is the added factor concentration; nx is the apparent number of binding sites per vesicle; Kd is the apparent dissociation constant.

6.	Converting fluorescence intensity to the mean number of binding sites

6.1. Prepare calibrated beads.

6.1.1.	Incubate gel-filtered platelets (see step 3.3) with A23187 (10 &#181;M) in the presence of CaCl2 (2.5 mM) for 10 min at room temperature. 

6.1.2.	Add to the activated platelets the various concentrations of fX-fd (0 to 1,000 nM). Add 2% v/v formaldehyde and incubate for 1 h. Stop the reaction by incubating the platelets with 3 M glycine and 5% BSA for 30 min at room temperature. 

6.1.3.	Purify the mixture from the unreacted dye. Centrifuge the platelets for 5 min at 400 &#215; g, remove the supernatant, and resuspend the pellet in Tyrode’s buffer (containing 0.5% BSA).

NOTE: Repeat step 6.1.3 three times. 

6.2. Measure the fluorescence level of the calibration beads in each sample first using a spectrofluorometer (for fluorescent dye from the Table of Materials, excitation 633 nm, emission 670 nm) and then using the flow cytometer (in channel FL4: exсitation 633 nm, emission filter 660/20). Using a cell counter, determine the number of beads in each sample.

6.3. Convert the fluorescence intensity of each respective bead sample to the concentration of soluble fluorescent dye using a spectrofluorometer. Recalculate the fluorescent dye concentration for the number of fluorophore molecules using Eq (8).

			(8)

Where Nx is the number of fluorophore molecules; C is the fluorescent dye concentration; NA is Avogadro constant; NA = 6.02214076&#215;1023 mol -1.

6.4. Create a dependence graph of the average fluorescence of the beads in a flow cytometer (step 6.2) on the number of fluorophore molecules (see step 6.3) for each sample using any statistical software (see the Table of Materials). Approximate this dependence by line proportionality (Analysis | Fitting | Fit linear). From the approximation in Eq (9), calculate the conversion factor of the mean fluorescence to binding sites. 
 
			(9)

Where MF is the mean fluorescence of beads by flow cytometry; Nx is the number of fluorophore molecules per bead; CF represents the conversion factor of the mean fluorescence to binding sites. CF and b are obtained from the results of fitting the graph by linear proportionality.

6.5. Calculate the apparent number of binding sites per vesicle of interest using Eq (10).

			(10)

Where nx is the apparent number of binding sites per vesicle of interest; MF is the mean fluorescence of the vesicles of interest by flow cytometry; CF and b are conversion factors from the Eq (8).

REPRESENTATIVE RESULTS: 
The flow cytometry method described herein is used to characterize the binding of plasma coagulation proteins to activated platelets. In addition, phospholipid vesicles PS:PC 20:80 were applied as a model system. This paper mainly focuses on artificial phospholipid vesicles as an example. The parameters of the cytometer, in particular, the photomultiplier tube (PMT) voltage and the compensation must be selected for each specific device, the object of study (cells, artificial or natural microvesicles), and the dyes used. Figure 1B,C show an example of gating artificial phospholipid vesicles that are ~1 &#181;m in size with the incorporated lipophilic fluorescent dye DiIC16 (3). Large vesicle size and lipophilic fluorescent dye helped detect vesicles using a cytometer. The gate was set based on a sample containing the same-size artificial lipid vesicles but without the fluorescent dye (Figure 1B). Only events inside this gate were used in the analysis.

The kinetics of protein binding to vesicles was analyzed at the first stage. The sample for this was collected continuously as described in step 4.1. A typical dot-plot is shown in Figure 1D–F. The data obtained were analyzed using the flow cytometry software. The resulting curve is shown in Figure 1G. Solid lines show the curves of approximation, from which the kinetic constants of association (kon) and dissociation (koff) were obtained. As factor X binds to phospholipid vesicles reversibly and Ca2+-dependently, samples with EDTA controlled the specificity and reversibility of this binding. The resulting constants are shown in Table 1.

Based on the kinetics of binding, a time of 20 min was chosen for further equilibrium experiments to describe saturation in binding accurately. The mean fluorescence intensity of the factor was subsequently determined in the region of the vesicles. Each sample was analyzed in the presence and absence of EDTA. The fluorescence intensity in the presence of EDTA was taken as background and subtracted from the total signal as the binding of fX to the membrane in the absence of Ca2 + ions is considered nonspecific. The resulting fluorescence was converted to the number of binding sites per vesicle using the calibration beads.

Figure 1: Specific binding of fX to artificial phospholipid vesicles. (A) Scheme of experiment. (B, C) Typical dot plots of phospholipid vesicles without (B) or with (C) lipophilic fluorescent dye DiIC16 (3). (D–F) Typical dot plots of factor X interaction with phospholipid vesicles before (D) or after (E) 20-fold dilution and in presence EDTA (F). (G) Kinetics of FX (250 nM) binding and dissociation to phospholipid vesicles. (H) Equilibrium interaction of factor X to phospholipid vesicles. Results are the means &plusmn;SD for n=3 different samples. Abbreviations: FX = Factor X; Ph vesicles = phospholipid vesicles; SSC = side scatter; a.u. =  arbitrary unit). 

Table 1: Parameters of fX interaction with artificial phospholipid vesicles. Parameters were determined from the curves (see Figure 1F,G). Results are the mean &plusmn; SEM for n = 3.

DISCUSSION: 
The proposed method can be adapted for a rough characterization of the interaction of proteins with phospholipid membranes from various sources and compositions. The quantitative flow cytometry described here concedes to surface plasmon resonance (SPR) in several parameters. In particular, it has a lower sensitivity and time resolution and requires fluorescent labeling of proteins. Fluorescent labeling can lead to a change in conformation and loss of activity for many proteins and therefore requires careful control. However, this technique has significant advantages over others. This method provides an opportunity to explore the interaction of proteins with the native cell membrane, which is not readily implemented using SPR. Moreover, the approach allows the estimation of the number of protein binding sites on the membrane surface and can be efficient for some analysis tasks. 

Commercially available beads are available for some fluorescent dyes to count binding sites. However, there are no such beads for many widely used dyes. Hence, self-made beads are the best way to resolve this. The same cells were used to prepare these beads as for all other experiments. However, as the beads require high centrifugation speeds during washing, phospholipid vesicles cannot be used. However, cells or vesicles can be replaced with beads with amino-reactive groups, which can be conjugated to the chosen dye. The sequence of actions will be similar to those described in step 6.1.

The limitations of this quantitative flow cytometry method are related to the technical capabilities of the used cytometer. Three different models of flow cytometers (with the variable lasers, detectors, pumps) were applied to reproduce this technique without any complication. However, the selection of a fluorescent label suitable for the cytometer used must be carefully considered because the set of lasers, detectors, and optical filters differ from device to device, even within the same model. It is necessary to focus on the ability of the cytometer to measure microparticles of a specific diameter; not all instruments are equally capable of detecting particles at resolutions below 200 nm (to determine this, use the fixed-size calibration beads supplied by the instrument’s manufacturer). Additionally, some flow cytometers, which are sampled using a syringe pump, cannot measure continuous binding kinetics in principle. In this case, the kinetics can be recorded only point by point, taking separate samples for measurement at certain points in time4,6.

Flow cytometry is used to investigate the expression of antigens on various cells—the presence/absence of an antigen and the percentage of cell populations expressing and not expressing this antigen. The ability of flow cytometry to concurrently discriminate free and bound ligands without additional separation procedures also affords the opportunity for quantitative assessment of ligand-binding dynamics. The method proposed herein describes the preparation of self-made calibration beads to quantify the binding of a fluorescent ligand to artificial phospholipid vesicles. This approach does not limit the choice of commercially available fluorophores. Beyond that, the technique described here for the acquisition and analysis of kinetic data enables improved time resolution. Thus, the method described herein can be used alone as a first step in characterizing protein–membrane interactions or in combination with other methods (for example, SPR or microscopy) to improve measurement accuracy.
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