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13 Capillary Electrophoresis–Electrospray Ionization Mass Spectrometry of Amino Acids, Peptides, and Proteins Mehdi Moini



Summary Separation in capillary electrophoresis (CE) is based on the movement of charged compounds inside a background electrolyte under an applied potential. Because the mechanism of separation of CE differs from that of conventional high-performance liquid chromatography (HPLC), where separation is based on the analyte’s hydrophobic properties, CE is often used as a complementary technique to HPLC. In addition, because CE is performed in narrow capillaries at atmospheric pressure, it is used as an alternative to HPLC, capable of handling small sample volumes while providing shorter analysis times with higher efficiency. For the analysis of amino acid, protein, and peptide mixtures in small volume samples such as in single cells, CE has rapidly evolved as a preferred separation technique. The combination of a high-efficiency separation technique, such as CE, with mass spectrometry (MS) detection provides a powerful system for the analysis of complex biological mixtures. In this chapter, a theoretical and practical approach to achieving high-performance CE–MS is discussed and the utility of CE–MS for the analysis of amino acids, peptides, and proteins is demonstrated.
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1. Introduction Separation in capillary electrophoresis (CE) is based on the movement of charged compounds inside a conductive solution under an applied potential. Because the mechanism of separation of CE is based on the electrophoretic mobility of the analytes (which is dependent on the analytes’ charge and shape) and differs from that of conventional high-performance liquid chromatograFrom: Methods in Molecular Biology, vol. 276: Capillary Electrophoresis of Proteins and Peptides Edited by: M. A. Strege and A. L. Lagu © Humana Press Inc., Totowa, NJ
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phy (HPLC), where separation is based on the hydrophobic properties of the analytes, CE is often used as a complementary technique to HPLC. In addition, because CE is performed in a narrow capillary at atmospheric pressure, it is also used as an alternative to HPLC, capable of handling small sample volumes while providing shorter analysis times with a higher efficiency. For the analysis of amino acid, protein, and peptide mixtures in small volume samples such as in single cells (1–6), CE has rapidly evolved as a preferred separation technique. A variety of detection systems have been employed as CE detectors. These techniques can be divided into two general categories: non-mass spectrometric techniques and mass spectrometric techniques. Among the non-mass spectrometric techniques, electrochemical detection and laser-induced fluorescence (LIF; 7–16) offer the highest sensitivity. Voltammetry and wavelength resolved fluorescence (17,18) can also provide some structural information, but their chemical identification capability is limited when compared to mass spectrometric techniques. Mass spectrometric techniques provide accurate molecular weight (mol wt) information as a means of chemical identification, a feature that is especially useful when dealing with complex mixtures. The combination of a high-efficiency separation technique, such as CE, with mass spectrometry (MS) detection provides a powerful system for the analysis of complex biological mixtures. Both electrospray ionization (ESI) and matrixassisted laser desorption ionization (MALDI) (19) have been used for interfacing CE to MS. ESI, however, is the most suitable and the most commonly used ionization technique for on-line CE–MS analysis (and is the only ionization technique discussed here). Recently, CE–MS and its application to the analysis of complex mixtures have been reviewed (20–23). This chapter emphasizes the practical aspects of on-line CE–MS using ESI (CE–ESI/MS).



1.1. Electrochemical Nature of CE, ESI, and CE–ESI/MS Electrochemistry plays an important role in the operation of CE and ESI. An understanding of the electrochemical nature of CE and ESI can aid in achieving robust CE–ESI/MS operation with high separation efficiency, as well as provide remedies for the negative consequences of the electrochemical nature of CE–ESI/MS.



1.1.1. CE In CE, the electrophoretic current (iCE) inside the capillary is generated by the movement of charged background electrolyte (BGE) species under the action of an electric field. The current is controlled by several factors including the
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cross section of the column (S), the magnitude of the electrical field (E), and the conductivity (k) of the BGE and is expressed by (24) iCE = SEk = SEF ∑j zjûjcj



(1)



where zj is the charge of component j, ûj is the effective mobility of component j, and cj is the concentration of component j. For example, the total CE current for a 0.1% acetic acid solution (pH of 3.5) using a 75-cm-long 75-µm-id column with a separation voltage of 30 kV was calculated to be 3.4 µA. The total CE current (iCE) is the vector sum of all ion currents within the capillary. Under a specific set of experimental conditions (constant temperature, BGE concentration, capillary diameter, and separation voltage), the CE current is fixed. Because only electrons can move through the external wire that supplies potential to the electrodes, oxidation and reduction reactions proceed, respectively, at the anode and cathode to maintain the CE current and, therefore, the electroneutrality of the cell. In the absence of a species (including the electrodes) with a redox potential lower than that of the aqueous BGE, reactions 2 and 3 (below) will proceed at the anode and cathode, respectively, to maintain the CE current (25). At pH 7.0: O2 (g) + 4H+ + 4e–  2H2O



Eored = +2.42 V (vs SHE)



(2)



2H2O + 2e–  H2 (g) + 2OH–



Eored = –0.828 V (vs SHE)



(3)



The consequences of these reactions include a pH increase at the cathode, a pH decrease at the anode, and the formation of bubbles at both electrodes owing to the production of gas. The low flow rates associated with nanotechniques make them particularly vulnerable to the negative effects of these electrochemical reactions. For example, in sheathless nano-CE–ESI/MS, the pH change of the BGE and/or the formation of bubbles have been shown to have a significant effect on selectivity and resolution (23,26–29). The extent of these reactions depends on the CE current, which is governed by Eq. 1. Reducing the conductivity of the BGE and the capillary id minimizes the negative effects of the CE electrochemical reactions by decreasing the CE current.



1.1.2. ESI In ESI, the application of a high voltage (1–5 kV in positive ionization mode) to a conductive solution exiting a capillary that is pointed toward a counter electrode (such as the MS inlet) at low potential (0–200 V) initiates the formation of a Taylor cone at the ESI tip (the capillary outlet), which is enriched with positive electrolyte ions. Excess positive charge in the Taylor cone is caused by the electrophoretic separation of positive and negative ions at the electrospray electrode and the electrochemical oxidation of water at this elec-
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trode (anode), which pumps an excessive quantity of protons into the solution. The emission of positively charged droplets from the tip of the Taylor cone along with solvent evaporation from the charged droplets lead to the formation of positively charged ions. The ES current (iES) depends on several factors including the solution conductivity, the BGE flow rate, and the magnitude of the electric field at the ESI tip (30,31) and is given by iES = AHVνEεσn



(4)



where AH is a constant and depends on the dielectric constant and surface tension of the solvent, Vν is the BGE flow rate, Eε is the electric field at the ESI tip, and σn is the conductivity of the BGE. Similarly to CE, the extent of the electrochemical reactions and their possible consequences (pH change, bubble formation, and ES electrode degradation) depend on the ES current. The ES current is usually approx 1 µA or less.



1.1.3. CE–ESI/MS CE and ESI/MS represent two electrical circuits with two sets of electrodes, the CE inlet and outlet electrodes, and the ESI emitter and MS inlet electrodes. CE–ESI/MS overlays these two separate circuits forming a three electrode system in which the CE outlet electrode and the ES emitter electrode are shared between the two circuits (hereafter called the shared electrode) (32). Therefore, under CE–ESI/MS two electrochemical reactions occur simultaneously at the shared electrode. Depending on the polarity and magnitude of the voltage at the shared electrode compared with that at the CE and MS inlet electrodes, the electrochemical reactions at the shared electrode can be either both reductive (the electrode is giving off electrons), both oxidative (the electrode is accepting electrons), or one reductive and the other oxidative. The total current flowing into the shared electrode is, therefore, a vector sum of the currents flowing through both the CE and ESI circuits. When electrochemical reactions at the shared electrode are either both reductive or both oxidative, the power supply that provides voltage to the shared electrode must be able to supply or sink (33), respectively, enough current to satisfy both the CE and ESI circuits. For current demanding applications (e.g., when a highly conductive BGE is used or when running under multi-ESI conditions) (34), a high-current power supply is needed. To protect the MS electronics from arcing at the ESI needle, the ESI power supply of most mass spectrometers provides voltage to the ESI needle through a current-limiting resistor (several mega ohms), which is designed to provide just enough current for the ESI process (~1 µA). When CE is added to this system, the current in the CE circuit will be added to the ESI current. Therefore, under CE–ESI/MS the actual ESI voltage at the shared electrode may
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be higher or lower (under forward or reverse polarity mode, respectively) than what is measured at the power supply. ESI voltages above the optimum value decrease sensitivity, whereas voltages below the optimum value destabilize or seize the ESI process (see Note 1). For maximum sensitivity, the ESI voltage must be optimized under CE–ESI/MS conditions. Another important consequence of the electrochemical nature of ESI is analyte oxidation at low flow rates under a high ESI voltage. As is shown in Eq. 4, the iES is proportional to the ESI voltage. Under very high current densities (high ESI voltages) and low BGE flow rates, where the redox reaction (reaction 2) at the anode is unable to supply the current required at the ESI electrode, electrolysis reactions of water with higher redox potentials (reactions 5 and 6) will occur to supply the necessary current (31). H2O2 + 2H+ + 2e– ↔ 2H2O



Eored = –1.776 V (vs SHE)



(5)



O (g) + 2H+ + 2e– ↔ H2O



Eored = –2.42 V (vs SHE)



(6)



Interactions of reactive species generated in these reactions with peptides are proposed to be the primary factor responsible for the oxidation of peptides at low flow rates. Analyte oxidation significantly reduces the sensitivity of detection by diluting the analyte signal over several oxidized species (35). The extent of these reactions depends on iES, which itself depends on the electric field at the ESI tip. Because it is the geometry of the tip (and, therefore, the electric field at the ESI tip) that dictates the voltage necessary for ESI operation (30), sharpening the capillary outlet (by hydrofluoric acid [HF] etching, for example) can significantly enhance sensitivity by reducing the voltage required for stable ESI operation. This will decrease the ESI current and result in reduced analyte oxidation. In order to minimize analyte oxidation, it is important to set the ESI voltage very close to the ESI onset voltage (Von) but not low enough to cause ESI instability.



1.2. High-Performance CE–ESI/MS High separation efficiency and high-sensitivity CE–MS analysis depend on several factors including the CE capillary, the BGE, the CE to MS interface, and the mass spectrometer.



1.2.1. Parameters Related to the Capillary Parameters related to the CE capillary include the capillary length, the capillary inner diameter (id), the capillary wall thickness, the sharpness of the capillary tip, and the chemical composition of the inner wall of the capillary.
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1.2.1.1. CAPILLARY LENGTH



A practical measure of resolving power in CE is R = tm/W1/2



(7)



where tm is the migration time of the peak and W1/2 is its full width at half maximum (FWHM). According to this equation, as long as the rate of increase of W1/2 is proportionally less than that of tm, increasing the migration time increases the resolving power of the CE. In the absence of analyte–wall interactions and diffusion (factors that can increase W1/2 as a result of increasing the migration time), the injection plug width is the major factor that affects W1/2 (see Note 2). This is especially true for derivatized capillaries, where analyte– wall interactions are eliminated, and for the analysis of proteins, where diffusion is minimal and it has been shown that even an analysis time of 1 h does not significantly deteriorate peak widths (36). In the absence of electro-osmotic flow (EOF), tm is given by Eq. 8: tm = L/νep = L2/µepV



(8)



where νep is the analyte’s electrophoretic velocity, L is the capillary length, µep is the analyte’s electrophoretic mobility, and V is the magnitude of the separation voltage across the capillary. According to Eq. 8, in the absence of EOF, the most efficient way to increase the migration time of the analytes is to increase the capillary length. However, in CE–ESI/MS the presence of EOF toward the capillary outlet is necessary for maintaining stable ESI and for achieving high separation efficiency. Therefore, in addition to the length of the capillary, the EOF rate also affects tm. Because the presence of EOF toward the capillary outlet shortens the migration times of the analytes, the optimum resolution in high-performance CE–ESI/MS is achieved at the lowest possible EOF, while maintaining stable ESI (23). The disadvantage of using long capillaries in conjunction with a low EOF, however, is long analysis times. 1.2.1.2. CAPILLARY INNER DIAMETER



Experimentally, the highest sensitivity and resolution has been achieved using narrow capillaries (37). This is because of the lower BGE flow rates of narrow capillaries, which, for the same amount of sample injected, causes the analytes to be less diluted upon exiting the capillary. Because ESI is a concentration-sensitive ionization technique, a higher analyte concentration translates into a greater sensitivity of detection. In addition, narrower capillaries have narrower outlets and after sharpening their tips, they generate finer droplets, which enhances analyte ionization efficiency. Moreover, because narrower capillaries dissipate heat more efficiently, they enhance separation efficiency
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by reducing analyte diffusion and by maintaining the plug profile flow of the BGE (by preventing viscosity variation across the diameter of the CE capillary) (23). Also, because of the high sensitivity of narrow capillaries, samples can be injected in a narrower plug, which eliminates the peak broadening associated with wide injection plugs. As a result, peaks generated with narrow capillaries ( 
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