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Abstract

:

The separation and discrete detection of isomeric sequence peptides with similar properties are important tasks for analytical science. Three different peptide isomers of 12 amino-acid residues long, containing direct and reverse regions of the alanine-valine-proline-isoleucine (AVPI) motif, were partially separated and discretely detected from their mixture using two approaches. Capillary electrophoresis enabled the separation and optical detection of the peptide sequence isomers close to the baseline. The ability to separate these sequence isomers from the mixture and discretely identify them from mass spectra has also been demonstrated by ion-mobility tandem mass spectrometry. Moreover, for the first time, capillary electrophoresis and ion-mobility mass spectrometry connected online have shown their ability for a discrete detection of the multidirectional sequence isomers.
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1. Introduction


Peptide sequence inversions are a significant class of isomers of proteolytic peptides that are important for protein identification [1]. A short section of the sequence can be partially inverted at some peptide region (e.g., due to alternative splicing [2,3]), making this change tracking inapplicable by sequencing of the coding DNA. These inversions may change the peptides’ properties and functions due to the differences in the resulting three-dimensional structure. The ability to separate and discretely identify peptide isomers from their mixtures is still a significant technological challenge. Along with the classical method of peptide sequencing using Edman degradation [4], mass spectrometry (MS) has become the gold standard for peptide identification in modern bioanalysis [5]. The use of MS conventionally coupled to liquid chromatography to analyze mixtures containing peptide isomers is limited due to the inability to separate them by charge or mass and basic chemical properties [6]. The same total masses and similar charges make their separation by commonly used techniques a challenging task. Due to the noticeable differences in isomer arrangements in three-dimensional structures, only the methods based on detecting diversities in their size or shape (expressed in collisional cross sections [7]) are effective for isomer separation from their mixtures. Capillary electrophoresis (CE) has proven to be a high-power technique for separating very closely shaped molecules, such as phosphorylated peptide isomers [8,9], as well as a method capable of determining isomeric phosphorylation sites [10]. Studies of the isomeric peptides with CE have typically been carried out with laser-induced fluorescence detection (LIF) [11].



While LIF-based CE with optical detection has been readily used for the analysis of amino acids, peptides are more complex molecules and for untargeted analysis it is required to couple the CE with more legible MS detectors to achieve sequence information about the peptides [12]. Comprehensive reviews containing common state-of-the-art advances in the use of CE-MS for the study of peptides have been compiled every few years by the Kašička group [13,14]. However, the outlook on this problem regarding the peptide isomers is relatively smaller. Thus, the separation of peptide isomers deamidated in various positions by CE-MS was reported in [15]. Some interesting studies are devoted to the methodology of peptide stereoisomers separation by CE [16,17]. Regarding the separation and detection of sequence isomeric peptides, a promising analytical platform for dipeptide structural isomer separation and analysis by CE-MS was developed by Ozawa et al. [18].



The detection and separation of peptide sequence isomers in the gas phase have become possible by ion mobility separation (IMS) devices coupled with mass spectrometers [1,9]. The ability to separate four β-amyloid peptide isomers using IMS-MS was demonstrated in [19]. The Li group provided a method to distinguish between two isomers of melanocyte-stimulating peptide hormone in a single run by combining LC–MS with IMS [20]. The possibility of inverted isomer separation with IMS has been shown for such small biomolecules as dipeptides [21]. However, there is still a technical challenge in separating partially reversed isomers that contain only a short reversed section (up to four amino-acid residues) of the overall sequence.



In this work, we demonstrated the CE and the IMS instruments’ efficiency for the separation and qualitative detection of short peptide sequence isomers in their mixture. Then we used the combination of these two methods coupled online to illustrate the possibility of their application for effective peptide separation. To identify the mixture components, we used two basic approaches: LIF optical detection in the ultraviolet (UV) range and tandem mass spectrometry (MS/MS).



For technical experiments on the separation of isomers, synthetic peptides containing two multidirectional alanine-valine-proline-isoleucine (AVPI) motifs were used. The AVPI binding motif is an N-terminal part of Smac protein [22], released from mitochondria into the cytosol in response to apoptotic stimuli. The AVPI-containing synthetic small-molecule Smac mimetics are widely used to design potential anticancer agents [23]. The different directions of the AVPI motif are intended to increase the specificity and effectiveness of a potential anticancer drug.




2. Materials and Methods


2.1. Chemicals


The following reagents and consumables were used: ammonium acetate (Fisher Scientific, Fair Lawn, NJ, USA), acetic acid (Bio Basic Inc., Markham, ON, Canada), HPLC grade methanol (Sigma-Aldrich, Oakville, ON, Canada), bare silica capillary (Polymicro Technologies, Phoenix, AZ, USA). All solutions were made using Milli-Q-quality deionized water and filtered through a 0.22 μm filter.




2.2. Synthetic Peptides


Isomeric peptides were provided by Robert N. Ben (Department of Chemistry and Biomolecular Sciences, University of Ottawa, Ottawa, ON, Canada) and were synthesized as described previously [24]. A stock solution of 10 mM peptide in methanol was prepared. Before each experiment, the stock solution was diluted to 50 μM with 10 mM ammonium acetate buffer adjusted to various pH with acetic acid.




2.3. CE Separation


The CE experiments were made using the ProteomeLab PA 800 capillary electrophoresis system (Beckman-Coulter, Brea, CA, USA). UV absorbance was measured by a photodiode array detector. The best peaks were obtained at 200 nm. Separations were carried out using a bare fused silica capillary of 85 cm in total length (75 cm from injection to the detection point) with an outer diameter of 365 μm and an inner diameter of 75 μm. Hydrodynamic injections of 15.7 nL were made by pressure. The separations were conducted by applying an electric field of 300 V/cm (positive charge at the inlet and ground at the outlet). The voltage of 25 kV was set, and a current of 12.8 μA was observed. The temperature of the capillary was 20 °C. The running buffer was 10 mM ammonium acetate adjusted to pH 3.45 with acetic acid.




2.4. IMS-MS/MS Experiments


The IMS-MS/MS experiments were made using the Synapt G2 HDMS QuanTOF mass spectrometer (Waters, Milford, MA, USA). The capillary electrophoresis machine injected sample solutions directly to the nanoelectrospray source. The pressure push of 1–4 psi was implemented through a bare fused silica capillary with an inner diameter of 50 μm. Electrospray injection (ESI) was carried out in the positive polarity mode. The ESI voltage was set to 4.0 kV, and the capillary tip was heated up to 80 °C. The ion-mobility cell parameters were set to default: IMS gas flow was 90 mL/min, IMS wave velocity was 650 m/s. The transfer cell collision energy was set to 60 V in the MS/MS mode. MassLynx 4.1 with BioLynx package (Waters, Milford, MA, USA.) was used to identify the MS/MS fragments.




2.5. CE Coupled with IMS-MS/MS


The ProteomeLab PA 800 Plus capillary electrophoresis system was coupled with the above-described mass spectrometer. CE-ESI connection with sheath fluid interface was used. A bare fused silica capillary of 90 cm in length with an inner diameter of 50 μm was used in the CE-MS/MS experiments. Injections of 11.7 nL of sample solution were made by pressure to fill the capillary tip. Then, an electric field of 290 V/cm with normal polarity was applied. The voltage of 26 kV was set, and currents of 3.5–4.0 μA were observed. The temperature of the capillary was 20 °C. The run buffer and sample concentrations were the same as in the CE-only experiments. The sheath fluid of 50% methanol and 1% formic acid was injected into the electrospray at a 1.2 μL/min rate. The trap collision energy was 40 V due to the MS/MS regime without the IMS. The transfer collision energy was set to 50 V with the IMS involvement. The other settings of the MS instrument were set the same as they were during the IMS-MS/MS experiments.





3. Results and Discussion


Three synthetic isomeric peptides with partially inverted sequence sections were used in the experiments. They consisted of 12 amino-acid residues and contained two areas of the AVPI sequence group, which were inverted in various ways. Both alanines were methylated. The first peptide had a sequence of AVPI-GGG-AVPI-G (direct-direct or DD sequence). The sequence of the second peptide was AVPI-GGG-IPVA-G (direct-reverse or DR). The third peptide sequence was IPVA-GGG-IPVA-G (reverse-reverse or RR). All residues in the peptides were aliphatic, which determined their neutral pI value. The absence of easily chargeable basic residues makes dealing with these peptides in an ionized state difficult.



3.1. CE Separation with UV Detection


Choosing the separation buffer for the CE experiments is an important point. It should be suitable for peptide separation as well as compatible with mass spectrometry. The optimum buffer pH depends strongly on the peptides’ isoelectric point (pI) values [25]. The 10 mM ammonium acetate water solution was used for both running buffer and solvent to dilute stock samples. The CE experiments with the buffer of normal pH of 6.2 showed no separation of the peptide mixture. It migrated in capillary as neutral substance with the same velocity and was not detached from the electroosmotic flow (EOF), which carried all non-ionized components. The buffers with lowered pH showed the effect of the peptide mixture separation from the EOF. The peptides were quite far from the EOF peak and separated after lowering the pH below 4. Adjusting the pH of the buffer to 3.45 provided the separation close to the baseline (Figure 1).



The mixture of DD and RR (Figure 1a) showed the difference in the migration time between the components of 0.48 min (1.61%). The same result was established by the mixture of DD and DR (Figure 1b). The peaks of DR and RR in their mixture (Figure 1c,d) overlapped under all tested conditions. A series of experiments with other buffers and various conditions provided no separation results. These isomers showed the same behavior in the capillary.



Obviously, all the peptide isomers remained in their zwitterion form in neutral aqueous solution. The initial amine group was protonated and the carboxylic group at the final G was dissociated. More acidic conditions caused an additional protonation of this group, which imparted a positive charge to the entire structure. This explains the increase in peptide peak distance from the EOF with a decrease in pH, since the charged ions move faster than the neutral ones. However, the increase in mobility occurred differently for DD and RR (and DR) peptides. The most possible primary protonation site in the absence of basic residues is the ammonium group at the N-terminus of the peptide chain [26,27]. The same charge location of the isomers provided no apparent difference in the migration time because the folding of the molecules remained the same. The additional charge on diverse positions may affect the different mobility of the isomeric peptides. The second charge should be closer to the C-terminus and most likely at the AVPI (or IPVA) section because it is the only difference between the DD and the DR and the same feature of the DR and the RR peptides. The different locations of the second charge can affect the diverse folding of double-charged molecules [28]. The closer the second charge to the first charge, the longer the polymer chain’s uncharged free end. This extended free uncharged end could be folded more compactly and, thus, the whole molecule became more compact. The charges located far away provided the entire molecule with a less compact elongated shape due to the repulsive Coulombic forces [14]. The probable location of the additional proton at the AVPI and IPVA sections can be verified by the MS/MS fragmentation of the molecular ions.




3.2. IMS-MS/MS Experiments


The ion mobility experiments were conducted in the MS/MS mode. The mobility was measured in the positive mode for the single-charged molecular ions. The precursor ions were fragmented after the IMS cell by collision energy inside the transfer part of the instrument to identify them by the fragment’s spectra.



At first, the arrival times for single charged peptide ions were measured separately (Figure 2a). The difference between the DD and the RR was 0.6 ms or 5.9%; between the DD and the DR it was 0.16 ms (1.6%); between the DR and the RR it was 0.44 ms (4.2%). The measurements were made with the IMS parameters set to default. The IMS gas flow of 90 mL/min and the IMS wave velocity of 650 m/s proved to be the beginning parameters of the apparent separation of isomer peaks. Higher gas flow or wave rates could have provided a better peak resolution. However, the unstable single charged molecular ions of DD and DR were easily destroyed with the increase of these parameters.



The MS/MS spectra of the separately run peptides showed the sequence-specific fragment ions, identifying the isomers from their mixtures (Figure 2b).



The MS/MS spectrum of the DD peptide showed a set of characteristic peaks. There were b8 (AVPI-GGG-A) and b9 (AVPI-GGG-AV), which were strictly sequence-specific, as well as the y10 fragment (PI-GGG-AVPI-G). The last one was the only characteristic y-fragment in the high-m/z side of the spectra and was formed by breaking the V-P bond in the left AVPI part. There were also peaks of the internal fragment GGG-A, and a peak of the characteristic y3 ion. These fragments do not represent a specific sequence for the DD peptide. However, they had not been seen in other spectra.



The MS/MS spectrum of the DR peptide had b8 (AVPI-GGG-I), b9 (AVPI-GGG-IP), and b10 (AVPI-GGG-IPV) peaks. These fragments are characteristic for the right-side IPVA sequence section and are specific for both the DR and the RR. The low-m/z part contained a b3 (AVP) fragment, which was isomeric with the PVA fragment of the RR peptide.



The MS/MS spectrum of the RR peptide showed intense peaks of b8 (IPVA-GGG-I) and b10 (IPVA-GGG-IPV) fragments which were isomeric with the corresponding fragments of the DR peptide. The b4 (IPVA) fragment was the only specific fragment of the RR peptide from the low m/z part. Despite its isomerism with the AVPI fragments, this peak showed significant intensity in the RR spectrum, notable as a specific peak.



The MS/MS fragmentation of double-charged precursors and consideration of the ions of y-series could solve the ambiguities about the differences in the N-terminal part of AVPI and IPVA, which distinguish the DD and the DR from the RR. However, the RR peptide provided an insufficient amount of double-charged ions for the MS/MS analysis.



An attempt to separate the two most different peptides (DD and RR) from their mixture by the IMS was made. The probes of equal concentrations did not show equal currents of the single charged ions for each component. So, the comparison of the IMS peaks in a mixture of DD and RR was made with the adjusted concentrations. The mix of a 3:1 ratio of the DD and the RR peptides showed the combined IMS peak (Figure 3a).



The MS/MS scans (Figure 3b) of the different sides of the double peak showed the characteristic fragments of both peptides. However, their intensity varied considerably. In the top scan, the spectrum with the most intensive characteristic peaks b4, b8, and b10 of the RR peptide is shown. In the bottom scan, the DD peptide’s specific peaks y3, b8, b9, and y10 are presented. The less intensive peaks of fragments of the adjacent peptides emerge from the overlapping base of the double peak.




3.3. CE-MS/MS Experiments


The CE-UV experiments have shown that the DR and RR peptides overlap on the corresponding electropherograms (Figure 1c,d), showing the inefficiency of their separation by CE. This result was also expected for the CE-MS experiments. To avoid overlapping of the DR and RR peaks, the CE-MS/MS separation experiments were made with peptide mixtures in pairs of the DD with the DR and the DD with the RR peptides. The DR and RR peptides provided the same behavior in the capillary due to the identical sequence of their right part, as was shown above. The components separated in the capillary were verified by MS/MS in the positive ionization mode. Single charged molecular ions were fragmented by collision energy inside the transfer part of the instrument to identify them by the fragments’ spectra.



All conditions of electrophoresis were the same as for CE-UV experiments except for the capillary. It was 90 cm in length and had an inner diameter of 50 μm. The same acidic buffer gave a similar near-baseline separation of the components (Figure 4a).



The mixture of the DD and the DR peptides showed a significant difference between the components in capillary migration time, which was 0.15 min (0.62%). This difference is considerably less than the migration time of the same mixture components during the CE-UV experiments without the MS/MS detection. This feature can be explained by almost three times less current inside the capillary observed during the CE-MS experiments. The lower current was due to the specific parameters of the CE-ESI electric circuit and a thinner capillary. Nevertheless, this difference was sufficient to detect the peaks by MS/MS.



The sheath liquid in the CE–MS interface acts as an electrically conductive medium for creating an electrical potential during the CE [29]. The sheath fluid rate in the CE–ESI interface in our experiments was set to 1.2 μL/min, which significantly exceeds the estimated electroosmotic flow in the capillary (rated as about 73.6 nl/min). This difference could reduce the overall sensitivity of the method to a certain extent due to the dilution of the analytes [30]. However, in our case, the sensitivity was sufficient for the separate detection of the isomeric peptides, which was the experimental goal. Furthermore, the time interval between the releases of components was sufficient for their effective separation without interference from the sheath liquid. The scan of the first peak shows the distinctive features of the DD peptide, and the scan of the second peak contains all the characteristic ions of the DR peptide (Figure 4b).



The CE-MS/MS experiment for separating the DD and RR peptide mixture (Figure 5a) showed the same difference in migration time between the components as was observed with the DD-DR mixture. The partly separated peptides were identified by the MS/MS as well. The scan of the first peak shows the distinctive features of the DD peptide, and the scan of the second peak contains all the characteristic ions of the RR peptide (Figure 5b).



The electropherograms of paired mixtures (Figure 4 and Figure 5) show the same relative release time of the DR and RR peptides, which indicate their inevitable overlap in a possible experiment with all three peptides. For this reason, CE-MS/MS experiments with all three peptides in the mixture were not carried out.




3.4. CE-IMS-MS/MS Experiments


The capillary electrophoresis coupled with the ion mobility mass spectrometry allowed us to compare the two separation methods in the online combination. Coupled after the CE separation and before the MS/MS detection, the ion mobility differentiation stage had some difficulties. The investigated peptides are neutral because of their composition and showed relatively poor ionization ability. The additional separation gas added to the IMS cell acted as an interfering factor, reducing the sensitivity output. So the simultaneous application of these two techniques allowed us to lower the measured ion current by ten times and preserve the effect of isomer separation from a mixture.



The concurrent involvement of the CE and the IMS separation showed the two groups of peaks that have an apparent shift in the CE migration time (recorded by the detector as retention time) and significant overlay in the IMS drift time dimension (Figure 6).





4. Conclusions


Methods based on the separation of molecules according to their cross section and regardless of their masses and chemical properties possess significant potential. Capillary electrophoresis and ion-mobility mass spectrometry showed their separation abilities and provided discrete qualitative detection and identification of peptide sequence isomers that contain inverted regions of the tetrapeptide AVPI. This motif was inserted twice in various inverted combinations into a 12-amino-acid-long synthetic peptide, designed as a new anticancer drug candidate. In addition, both of these methods have shown high performance when connected online. This experimental result illustrates significant prospects for the development of combined instrumental techniques for separating complex mixtures containing biopolymers with similar properties but different biological functions.
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Figure 1. Capillary electrophoresis (CE) electropherograms for 50 μM peptide mixtures. Ultraviolet (UV) absorbance measured at 200 nm. Buffer: 10 mM ammonium acetate adjusted to pH of 3.45 with acetic acid. (a) Mixture of direct-direct (DD) and reverse-reverse (RR) peptides; (b) Mixture of DD and direct-reverse (DR) peptides; (c) Mixture of DR and RR peptides; (d) Mixture of DD, DR, and RR peptides. The peak of electroosmotic flow outcomes at 42 min (not shown). 
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Figure 2. (a) The ion-mobility separation (IMS) arrival times for 50 μM peptides were measured separately. The IMS gas flow was 90 mL/min, the IMS wave velocity was 650 m/s. (b) The tandem mass spectra (MS/MS) of the sequence-isomeric peptides. 
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Figure 3. (a) The IMS arrival time of the mixture of 150 μM DD and 50 μM RR peptides; (b) the MS/MS scans of the peak’s sides show the characteristic ions of the different peptides. The left fragment mass spectrum from 9.55 ms has RR peptide fragments; the right fragment mass spectrum from 10.15 ms shows the ions of the DD peptide. 
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Figure 4. (a) The CE-MS/MS chromatogram of the mixture of 50 μM DD and DR peptides. (b) The MS/MS scans of 23.94 min peak shows the characteristic ions of the DD peptide and 24.09 min peak shows the fragments of the DR peptide. 
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Figure 5. (a) The CE-MS/MS chromatogram of the mixture of 50 μM DD and RR peptides; (b) the MS/MS scans of 25.03 min peak shows the characteristic ions of the DD peptide and 25.20 min peak shows the characteristic ions of the RR peptide. 
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Figure 6. The combinative diagram of the CE retention time and the IMS drift time was drawn during the DD and RR peptide mixture separation. 
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