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Abstract

:

Despite the successful application of tandem mass tags (TMT) for peptide quantitation, missing reporter ions in higher energy collisional dissociation (HCD) spectra remains a challenge for consistent quantitation, especially for peptides with labile post-translational modifications. Ultraviolet photodissociation (UVPD) is an alternative ion activation method shown to provide superior coverage for sequencing of peptides and intact proteins. Here, we optimized and evaluated 193 nm UVPD for the characterization of TMT-labeled model peptides, HeLa proteome, and N-glycopeptides from model proteins. UVPD yielded the same TMT reporter ions as HCD, at m/z 126–131. Additionally, UVPD produced a wide range of fragments that yielded more complete characterization of glycopeptides and less frequent missing TMT reporter ion channels, whereas HCD yielded a strong tradeoff between characterization and quantitation of TMT-labeled glycopeptides. However, the lower fragmentation efficiency of UVPD yielded fewer peptide identifications than HCD. Overall, 193 nm UVPD is a valuable tool that provides an alternative to HCD for the quantitation of large and highly modified peptides with labile PTMs. Continued development of instrumentation specific to UVPD will yield greater fragmentation efficiency and fulfil the potential of UVPD to be an all-in-one spectrum ion activation method for broad use in the field of proteomics.






Keywords:


quantitative proteomics; tandem mass tags (TMT); ultraviolet photodissociation (UVPD); glycopeptides; peptide fragmentation; mass spectrometry












1. Introduction


Mass spectrometry (MS)-based quantitative proteomics has been widely applied to measure protein concentrations and fold changes for probing regulatory mechanisms and understanding biological pathways in complex samples [1,2,3]. The essence of the measurement is based on correlations between the MS signal response of proteolytic peptide protein concentrations. To achieve high accuracy in quantitation, various labeling methods have been designed to introduce internal references. These methods primarily rely on the incorporation of stable isotopes that have indistinguishable chemical properties but distinct masses readily readable by MS. Samples labeled with different isotopologs can be mixed to yield a multiplexed sample that can be analyzed in a single MS experiment, greatly reducing analysis time.



Isobaric tags for relative and absolute quantification reagents (iTRAQ) [4] and tandem mass tag (TMT) [5] are among the most commonly used, commercially available reagents that introduce chemical modifications on proteolytic peptides. The tags are preferentially added to primary amines, including the peptide N-terminus and lysine side-chains. The tags are composed of a mass reporter portion and a mass normalizer portion. The mass reporter portion of the tag is readily cleaved during peptide fragmentation to yield a reporter ion with a predictable mass, based on the type of ion activation method used. Reporter ions of different mass are created by varying a fixed number of heavy isotopes between the reporter and normalizer portions of the isobaric tags. Multiple samples can be each labeled by a different isobaric TMT reagent and then combined for liquid chromatography—tandem mass spectrometry (LC–MS/MS) analysis. Identical peptides from multiple samples will have the same mass after isobaric labeling and will be co-isolated for MS/MS. Yet, the reporter ions released from each sample show up at distinct m/z in the MS/MS spectra. This allows relative quantitation of peptides from multiple samples in a single spectrum and minimizes variations in instrument response. Additionally, the ability to multiplex a number of samples in the same LC–MS/MS experiment for relative quantitation significantly reduces the total time for high-throughput analysis of large quantities of samples. While sixplex labeling reagents are commonly used, higher order multiplexing reagents, such as TMT 10-, 11-, and 16-plex, for combining more than 6 samples [6,7,8,9] can also be achieved with high resolution mass spectrometers. Strategies of combining multiple orthogonal labeling reagents up to 27-plex have also been reported [10].



Collision-induced dissociation (CID) is the most widely used method for peptide fragmentation. In Orbitrap instruments, CID specifically refers to resonant excitation CID performed in ion traps. In tandem in space instruments, CID is equivalent to higher energy collision dissociation (HCD) in Orbitrap instruments. Due to differences in collisional energy regime, time scale, and detailed instrument design, they tend to access different fragmentation pathways [11]. However, all these methods fundamentally activate ions via gas collisions and increases in the internal energy of ions via vibrational excitation. TMT reagents have been designed to have labile bonds to CID/HCD to produce abundant reporter ions in MS/MS spectra. However, labile modifications such as glycosylation and phosphorylation can significantly alter the fragmentation behavior of peptides. CID/HCD tends to preferentially cleave labile modifications such as phosphorylation and glycosylation [12,13,14]. The spectra of these modified peptides typically lack sufficient peptide backbone fragments to sequence the peptides and localize the modification sites. For glycopeptides in particular, the cleavage of glycosidic bonds is the predominant fragmentation pathway. To confidently identify a glycopeptide, several features from the spectrum are needed. The oxonium ions in the low m/z region are indicators of the presence of glycans. The glycopeptide fragments with partially cleaved glycans are beneficial for assignment of glycan structures, and peptide backbone fragments are required to identify the peptide sequence. Typically, such information cannot be retrieved from a single fragmentation spectrum. Multiple CID/HCD spectra at different energies, stepped-HCD to cover different energy regimes, and alternating/hybrid activation methods have been developed to access additional fragmentation pathways for glycopeptide characterization [15,16,17,18,19,20,21,22].



Despite the important roles of glycoproteins in biology, they remain a very challenging class of molecules to study due to the high diversity and complexity of glycans, even with the latest analytical technology and methods [13]. The addition of TMT labeling creates another dimension complexity and further exaggerates the difficulties of glycopeptide characterization. Ye et al. performed a systematic study on TMT-labeled glycopeptides from bovine fetuin and reported that no reporter ions were generated in most spectra with online LC–MS/MS using HCD [23]. The lack of reporter ions using HCD normalized collision energies typical for unmodified peptides prevented effective quantitative analysis for N-glycopeptides by online LC–MS/MS. To overcome this issue, normalized collision energies of 40% [24] or even 70% [25], were necessary to obtain TMT reporter ions from N-glycopeptides. However, diagnostic ions for both the glycan and peptide structure were hardly detected in the spectra at such high HCD energies, and it may be difficult to identify unknowns in untargeted applications. An alternative solution is to deglycosylate (e.g., enzymatically for N-glycans) enriched glycopeptides to increase reporter ion signal, but glycan structural information is lost [26,27]. More recently, hybrid or multiple stage methods, such as electron transfer dissociation (ETD) supplemented by HCD (EThcD), have shown promise for glycopeptide analysis [27,28], including TMT-labeled glycopeptides [29].



Development of new activation methods can greatly improve proteomics analysis, especially for those with labile modifications. Electron-based ion activation methods, in particular ETD, which is available in many commercial mass spectrometers, has been shown to fragment and sequence peptides while preserving labile modifications [12,30]. For TMT-labeled peptides, ETD cleaves the mass reporter at different locations compared to CID/HCD, yielding reporter ions with masses smaller by one carbon atom. Unfortunately, this eliminates one site for incorporating heavy isotopes in the reporter ions. Therefore, ETD is not fully compatible with commercial TMTduplex, TMT10plex and TMT11plex reagents, which all rely on the 13C atom that is not retained in the reporter ion with ETD. Ultraviolet photodissociation (UVPD) has shown great promise in providing high sequence coverage while preserving labile modifications or even the site of charges for peptides and intact proteins [31,32,33,34,35,36,37]. Native proteins can also be fragmented by UVPD to obtain residue-specific structural information [38,39,40,41]. Recently it has manifested its potential for fragmenting O-glycopeptides [32,42]. However, to the best of our knowledge, there has been no previous report on the fragmentation behavior of TMT-labeled peptides by UVPD. In this work, we show that UVPD predominantly yields the same type of TMT reporter ions as CID/HCD. Mobile protons and peptides with relatively high numbers of acidic residues tend to have a higher propensity to yield spectra with missing TMT reporter ions. UVPD generally produces a wider variety of fragments than HCD and shows a lower percentage of matched spectra with missing TMT reporter ions. This feature can be very helpful for characterization of peptides with labile modifications, as demonstrated for glycopeptides. UVPD is not as effective for low abundance precursors due to its relatively low fragmentation efficiency. However, UVPD is an effective alternative for large and highly modified peptides with labile PTMs.




2. Materials and Methods


2.1. Materials


Glu-Fibrinopeptide B (GluFib) was purchased from Anaspec. TMTzero, TMTsixplex isobaric label reagents, and Pierce HeLa protein digest standard were purchased from Thermo Fisher Scientific. Alpha-1-acid glycoprotein (AGP) was purchased from Sigma Aldrich (G9885; Sigma Aldrich, St. Louis, MO, USA). AGP were denatured at 95 °C for 5 min, reduced with dithiothreitol (incubation at 60 °C for 1 h), alkylated with iodoacetamide, and trypsin digested to generate peptides for TMT labeling. All peptide samples were mixed with TMT reagents at a 1:10 weight ratio following the manufacturer’s protocol. For TMTsixplex labeled HeLa samples, AGP digests and GluFib, all channels were mixed at equal amounts.




2.2. Liquid Chromatography–Mass Spectrometry (LC–MS/MS)


Waters NanoAcquity was coupled online with a Q Exactive HF mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), which was modified to incorporate ultraviolet photodissociation, as described previously [35]. In the UVPD mode, ions stored in the HCD cell were irradiated by a user-defined number of laser pulses and pulse energy (193 nm ArF excimer laser, Coherent Inc., Santa Clara, CA, USA). C18 columns packed in-house (packing 3 µm Jupiter (Phenomenex, Torrance, CA, USA), column ID 75 µm, OD 360 µm, length 70 cm) were used for reversed-phase liquid chromatography separations. Mobile phase A was 0.1% formic acid in water and mobile phase B was 0.1% formic acid in acetonitrile. A 5 cm, 150 µm i.d. trapping C18 column was used to desalt the sample online with 1% mobile phase B for 10 min before the analytical gradient. For HeLa digests, the gradient of mobile phase B started from 1% and increased to 3%, 8%, 25%, 50% at 2, 30, 200, 240 min, respectively. The column was washed with 95% mobile phase B for 5 min at the end of the gradient and then equilibrated at 1% mobile phase B for 30 min. An estimated 0.2 µg of peptides were used for each injection. For AGP digests, the gradient was compressed into 100 min, and 0.5 µg peptides were injected each time. The flow rate on the LC was 0.3 µL/min, with a nanoelectrospray voltage of 1.8–2.0 kV and a capillary temperature of 275–300 °C. MS spectra were acquired at 60 K resolution with an AGC target of 1E6 and a maximum injection time of 20 ms. MS/MS spectra were taken at 15 K resolution with an AGC target of 1E5 and a maximum injection time of 100 ms. Precursors were isolated with a 1 m/z window, except for initial dataset for optimizing energies, which was with a 2 m/z. Dynamic exclusion was set to 10 s. Unassigned and singly charged ions were excluded for fragmentation. HCD energies, UVPD laser energy and laser pulse number were varied, as discussed in the results.




2.3. Data Analysis


HeLa LC–MS data were processed with MSGF+ [43] by searching against human proteins. Peptide-spectrum matches (PSMs) with a probability score below 1E-8 were selected and further processed with MASIC and MASICResultsMerger [44] to extract the associated intensities of TMT reporter ions. The results were filtered to allow only one PSM per spectra (removing duplicate PSMs of the same peptide from homologous proteins sharing the same sequence segments). Results were visualized and peptide coverage maps were generated in LcMsSpectator [45].



TMT-labeled AGP data were processed by Byonic (Protein Metrics Inc., Cupertino, CA, USA) and Integrated GlycoProteome Analyzer (I-GPA) [21]. N-glycopeptides were identified and manually checked based on I-GPA results. The workflow is briefly explained as follows. First, N-glycopeptide tandem MS/MS spectra, including oxonium ions, based on a 15 glycan-specific reference were selected. Second, if their experimental MS isotope patterns were matched to the theoretical patterns of N-glycopeptides in the glycan database, they were selected as N-glycopeptide candidates. The database in I-GPA (referred to as GPA-DB) is composed by combining possible tryptic peptides including N-glycosites of AGP and 351 N-glycans (331 retrosynthetic glycans from Kronewitter et al. [46], and 20 glycans of penta- and hexa-polylactosamine series from Ozohanics et al. [47]. Finally, N-glycopeptides of AGP were identified by their Y-score upon matching of experimental and theoretical fragments. To calculate Y-scores, fragments from both peptide bond cleavages and glycosidic bond cleavages were considered. The I-GPA search parameters were: missed cleavages (=0) and fixed modification of carbamidomethyl cysteine and mammalian N-glycan. Additionally, TMT-labeling modifications were considered for N-terms and lysines. The mass tolerances for precursor and fragment ions were set at 0.02 Da. N-glycopeptides with a Y-score above 60 were validated and filtered based on the previously identified N-glycopeptides from AGP [48].





3. Results and Discussion


3.1. UVPD Primarily Generates CID/HCD Type Reporter Ions for TMT-Labeled Peptides


To evaluate the types of TMT reporter ions in UVPD, we first performed TMT6 labeling on pure GluFib peptide, infused into the MS at 0.01 mg/mL in 50% ACN and 0.05% formic acid. UVPD (2 mJ, 2 pulses) and HCD (55 V) of the labeled GluFib peptide (doubly charged) shared identical fragments in the low mass region corresponding to the standard TMT6 126–131 ions observed for HCD (Figure 1a,d). It is noted that methyl loss from TMT6 126–131 reporter ions led to the formation of reporter ions in the m/z range of 112–117, which were detected at about 3% intensity relative to the 126–131 ions (Figure 1b, intensity magnified by 5). Other common fragments in the m/z range of 112–116 are likely related to immonium ions (Figure 1b,e). Trace levels (~0.1% of 126–131 reporters) of ETD type reporter ions were also seen in the UVPD spectrum (not shown). ETD-type reporter ions are not ideal for TMT with high levels of multiplexing, because the different cleavage site in ETD eliminates one carbon atom from an additional labeling site (incompatible with commercial TMT2 and TMT10). Both UVPD and HCD yielded full sequence coverage of the peptide while generating identical reporter ions for relative quantitation. The signal levels for TMT ions were similar in UVPD and HCD (5E6~6E6). UVPD had a higher signal for the unfragmented precursor (Figure 1c,f).




3.2. Effects of UVPD Energy and Laser Pulses on TMT-Labeled Peptides


UVPD parameters were optimized by exploring the impact of laser pulse energy (1 mJ, 2 mJ, 3 mJ) and the number of pulses (1 pulse or 2 pulses) on HeLa digests labeled with TMT6, with each channel mixed at equal concentrations. We also chose 3 normalized collision energies (NCEs) of HCD: 23%, 28%, and 33% for comparison. The total numbers of MS/MS spectra were similar across all conditions, except for ~10% decrease for UVPD 2 mJ 3 pulses (Figure 2a, gray bars), likely due to longer acquisition times from high numbers of laser pulses. Total peptide-spectrum matches (PSMs) were both optimized at relatively high activation energies (Figure 2a, white bars). Identifications were maximized at 28 or 33 NCE, and 2 mJ 2 pulses or 3 mJ 1 pulse for HCD and UVPD, respectively. It is interesting to note that 2 mJ 1 pulse performed better than 1 mJ 2 pulses, although the total energy inputs are both 2 mJ. In addition, the experiments with 2 mJ 3 pulses (6 mJ total) did not perform better than 2 mJ 2 pulses (4 mJ total) or 3 mJ 1 pulse (3 mJ). There results suggest that more pulses and higher total energy input may not necessarily help in obtaining more identifications in UVPD, either because of over-fragmenting of peptides into secondary fragments or reduced speed with the high number of pulses.



Among the optimized conditions for HCD and UVPD where the numbers of PSMs were maximized, we observed 2% of PSMs with missing TMT reporter ions (at least one of the 6 channels were not detected) for HCD NCE 28%, despite a similar number of PSMs to HCD NCE 33%, where only 0.2% PSMs were missing reporter ions (Figure 2b). This indicates that the HCD fragmentation can be “incomplete” even though sufficient fragments can be obtained for identifying the peptide. At UVPD conditions with a total energy input of no less than 3 mJ (2 mJ 2 pulses, 2 mJ 3 pulses, and 3 mJ 1 pulse), PSMs/peptides that are missing reporter ions are less than 0.1%. In order to evaluate the quantitation performance, we also calculated the coefficient of variation (CV) of the relative ratio of reporter ions (average of channel 126–130 to 131 per PSM, Figure 2c). The CV of quantitation results obtained from the average intensity ratios of reporter ions decreased with increasing energy input for both HCD and UVPD. This trend is as expected as the intensities of reporter ions grew at higher energies, resulting in less variability and better statistics for quantitative measurement. We also evaluated the quantitation performance of UVPD by spiking known concentrations of digested peptides in each TMT channel (difference of concentrations over 10-fold), which showed very similar results and quantitation accuracy to HCD (data not shown).



Overall, optimal performance for TMT-labeled HeLa peptides using 193 nm UVPD was observed at 2 mJ 2 pulses and 3 mJ 1 pulse. However, even under optimized conditions, the total PSMs and the number of unique peptides in UVPD are still about 80% of those for HCD. This is likely a result of the relatively high absolute intensity of the remaining precursor ions and the low absolute intensity of the fragment ions in UVPD. To confirm this, we examined the distribution of precursor ion intensities for all the PSMs under optimized HCD and UVPD conditions (Figure 2d). There is a disproportionally higher number of PSMs from precursors at an intensity of 1 × 105 for HCD than for UVPD. This highlights the challenges associated with the relatively low abundance of product ions in UVPD spectra, and is the major obstacle for improving PSMs by UVPD for low absolute abundance peptides in high-throughput LC–MS/MS experiments. Developments in instrumentation are also expected to increase the relative abundance of fragment ions in UVPD and further improve the number of identifications [49]. Alternatively, chemical labels with chromophores that absorb strongly at specific wavelengths can be utilized to improve UVPD to selectively target certain classes of peptides in shotgun proteomics [50,51].




3.3. The Tendency of Missing TMT Reporter Ions Also Correlates with Peptide Sequence


PSMs with missing reporter ions are problematic for quantitative analysis, especially if the peptides are important biomarkers of interest. Although HCD NCE 28% showed optimum PSM counts, a significant portion of the PSMs had missing TMT reporter ions. There were also PSMs with no reporter ions at all (data not shown). After manually checking some of these spectra, it was found that many of the PSMs with missing reporter ions contained high signal to noise backbone cleavage fragment ions and yielded confident identification, yet no reporter ions were released. Therefore, we investigated the peptide sequences of the PSMs missing reporter ions to find sequence-dependent behavior. While HCD primarily generates b/y ion types from vibrational excitation, 193 nm UVPD is known to generate additional ion types including a/x and c/z, some of which are believed to be from electronic excitation [52]. It has been well documented in collision-induced activation that protons have to be located to side-chains to imitate charge-directed backbone cleavages to generate b/y ions. Without mobile protons, the charges are sequestered on basic residues, and thus higher energy is required to mobilize the protons to produce fragmentation [53]. We counted the number of “mobile protons” (Figure 3) in the peptides for each PSM and compared the distribution of the counts between all PSMs and the PSMs missing reporter ions. Although peptide N-termini and lysine residues are expected to be completely labeled with TMT tags, the tertiary amine in the TMT has high gas phase basicity [54] and can sequester a proton. Thus, we define the number of “mobile protons” here as the peptide charge minus the sum of the N-terminus and the total number of lysine and arginine residues.



Overall, most peptides have either zero or one mobile proton. For all PSMs (Figure 3a–i, upper panels), lower activation energies generally yielded fewer PSMs for peptides with zero mobile protons; while at higher activation energies the ratio of PSMs for peptides with zero mobile protons increased. The ratios of PSMs with zero mobile protons (counts equal to or less than 0) to those with mobile protons (counts equal to or more than 1) showed exponential growth with increasing activation energies for both UVPD (Figure 3j) and HCD (Figure 3k). This indicates that higher energy is required to generate sufficient fragments for peptides without mobile protons. Although UVPD conditions of 2 mJ 1 pulse and 1 mJ 2 pulses had the same total energy input, the lower power of 1 mJ 2 pulses was not as effective as 2 mJ 1 pulse for fragmenting peptides with no mobile protons. This is consistent with the fewer PSMs for UVPD with multiple, low energy pulses (Figure 2). It is possible there was insufficient excess energy to be redistributed to vibrational modes to break the noncovalently associated peptide fragments. For PSMs with missing TMT (Figure 3, lower panels), the distribution was biased towards peptides with 1 or more mobile protons regardless of activation conditions. Even at high activation energies where the sample sizes were small, the PSMs for peptides with one mobile proton still dominated the histogram (except for UVPD 2 mJ 3 pulses where only 4 PSMs were missing TMT, Figure 3g). This implies that peptides with mobile protons may have a higher likelihood of accessing non-residue specific cleavages, thus lowering the probability of cleavage occurring at the TMT tag to release the reporter ions.



We also examined the distribution of the number of acidic residues in the PSMs, because aspartic acid and glutamic acid residues are known to be the preferred cleavage sites for collisional activation in the absence of mobile protons [53]. Most PSMs are from peptides with 2–3 acidic residues (Figure 4, upper panels), and there are no distinct differences in their distribution across all UVPD and HCD conditions. For PSMs with missing TMT, a bias for peptides with more acidic residues was noticeable for UVPD 1 mJ 1 pulse (Figure 4a, lower panel), 1 mJ 2 pulses (Figure 4b, lower panel), and HCD 23% (Figure 4c, lower panel), as shown by the slight shift of the apex of the histograms to 2–3 acidic residues. The bias was also visible in UVPD 2 mJ 1 pulse (Figure 4d, lower panel), and it became most obvious for HCD 28% (Figure 4f, lower panel), which showed a strong preference for peptides with 4 acidic residues. At higher activation energies (Figure 4e,g–i) the distributions became more random without clear patterns, partially because of the low number of PSMs with missing TMT at high activation energies. Among the optimized conditions for UVPD and HCD (Figure 4e,f,h,i based on maximum PSM counts in Figure 2), only HCD 28% showed a bias for PSMs from peptides with high numbers of acidic residues to have missing TMT ions. These observations can be explained by the preferred cleavage of C-terminal to acidic residues with limited activation energies, thus reducing the chance of generating reporter ions. The difference between HCD 28% and HCD 33%, despite the similar total number of PSMs, further illustrated that sequence-dependent preferential cleavage in HCD may lead to missing of TMT and incomplete quantitation. The results from this analysis indicate that fragmentation of TMT-labeled peptides by 193 nm UVPD is also affected by amino acid sequence, as described in the mobile proton model, which was developed from collisional activation. This implies that 193 nm UVPD and HCD share, at least partially, common fragmentation pathways due to the conversion of electronic excitation into vibrational modes.




3.4. UVPD for TMT Glycopeptides


The performance of UVPD for TMT-labeled glycopeptides was evaluated by comparing the results of AGP peptides using an Integrated GlycoProteome Analyzer (I-GPA) (Figure 5). The number of confident glycopeptide PSMs peaked at around 300 for UVPD 3 mJ 1 pulse and 2 mJ 2 pulses. HCD, similarly to the previous results on unmodified peptides, showed a higher number of total glycopeptide PSMs, which peaked at around 550 at NCE 23 and 28. However, many of the HCD spectra showed missing TMT reporter ions, because the glycosidic bonds were the most labile and were preferentially cleaved before the TMT reporter ion. After filtering out spectra with missing TMT, the quantifiable PSMs turned out to be similar between the best HCD (NCE 33) and UVPD (3 mJ 1 pulse, and 2 mJ 2 pulses) conditions (Figure 5b). Although HCD NCE 28 was able to produce ~80 quantifiable PSMs, the variation of the quantitation was significantly higher than the best HCD and UVPD conditions, as shown by the CV in Figure 5c. The results showed the necessity of using relatively high energy to obtain the best quantitation performance for TMT-labeled glycopeptides. Unfortunately, the HCD condition of NCE 33 that generates the best quantification data is not the optimal condition for identifying glycopeptides, as shown by the lower total glycopeptide PSMs compared to NCE 28 and NCE 23 in Figure 5a. This is because high HCD energies produced spectra that were dominated by oxonium ions in the low m/z range and reduced the ions of high m/z range which are needed for confident glycopeptide identification. Although the UVPD methods need further development to improve the total number of PSMs (mostly for low abundance peptides), the UVPD spectra generally show a wide variety of fragments under a single condition, that provide sufficient information for both characterization and quantitation.



We manually examined the spectra for identified glycopeptides under the conditions that gave the largest number of PSMs (NCE 28 for HCD, 3 mJ 1 pulse for UVPD). One example glycopeptide, LVPVPITNATLDQITGK (6Hexose + 5HexNAc + 3NeuAc), is shown in Figure 6a,b. We noticed several different patterns between the two fragmentation methods. The first difference is in the oxonium ions, which are critical for glycopeptide identification. The oxonium ions of 366.140 from 2 glycans (Hexose + GlcNAc) are among the strongest fragments in both HCD and UVPD. However, in the HCD spectrum, the intensity of the oxonium ions from one glycan (138.0555 from GlcNAc-2H2O-CH2O, 168.0661 from GlcNAc-2H2O, 186.0766 from GlcNAc-H2O, 204.0872 from GlcNAc, 274.0927 from NeuAc-H2O and 292.1032 from NeuAc) are stronger than those from 3 glycans (528.1928 from GlcNAc + 2 Hexose and 657.2354 from GlcNAc + Hexose + NeuAc) or 4 glycans (819.2870 from GlcNAc + 2Hexose + NeuAc). In contrast, the oxonium ions from 2, 3 and 4 glycans in UVPD are more intense than those from one glycan. Second, the information of glycan-cleaved glycopeptide fragments for the characterization of a glycan structure from a glycopeptide is different. There were higher numbers of glycopeptide fragments retaining larger portions of the glycan in UVPD than in HCD (labeled peaks > m/z 700 in Figure 6b), allowing the assignment of almost the whole glycan composition from precursor N-glycopeptide. The glycans of glycopeptide fragment ions from HCD instead generally only retained core glycans in a peptide (PEP + GlcNAc, PEP + 2GlcNAc and PEP + 2GlcNAc + Hexose in Figure 6a). Third, for peptide fragments, which identify the amino acid sequence of a glycopeptide, UVPD generates a/x and c/z ions in addition to the b/y ions seen in HCD. Therefore, the number of peptide fragments from UVPD is more than that from HCD and results in identification of the amino acid sequence of glycopeptides with confidence. For HCD NCE 17% (Figure 6c), the distribution of the oxonium ion intensities was similar to UVPD, and the information on glycan-cleaved glycopeptide fragments is more than from HCD NCE 28% but not as much as from UVPD. The intensity of TMT reporter ions is poor from HCD NCE 17%.



The differences in fragmentation observed between UVPD and HCD were generally observed throughout the glycopeptide datasets. Successful identification of N-glycopeptides requires peptide fragments, glycan-cleaved glycopeptide fragments, and oxonium ions [48]. Based on this, UVPD provides more confident results than HCD for the identification of N-glycopeptides, because the number of glycan-cleaved glycopeptide fragments, for information on glycan structures, and the number of peptide backbone fragments, for the characterization of the amino acid sequences, is greater from UVPD than from HCD. But the total number of N-glycopeptides identified from UVPD is less than from HCD because of the low fragment efficiency of UVPD containing unfragmented precursor ions. The fragment ions from HCD spectra had been well matched for identifying glycopeptides, but fragment ions matched from HCD spectra are not enough to assign the full glycan structure. Low HCD energies yielded more glycan-cleaved glycopeptide fragments, but also significantly reduced the intensities of TMT reporter ions for quantitative analysis. Therefore, combining HCD at different energies [18,23], or using stepped-energy HCD [17,20] (single spectrum acquired with fragments from different energies) can be beneficial for TMT-labeled glycopeptides. In contrast, the optimized condition of UVPD for glycopeptides was able to access many different fragmentation pathways such as those of oxonium, glycan-cleaved glycopeptide and peptide fragment ions and quantifiable TMT reporter ions with a single pulse energy.





4. Conclusions


Our data showed that UVPD of TMT-labeled peptides generated primarily the same type of reporter ions as HCD. It was also discovered that peptides containing mobile protons have a high propensity to yield spectra with missing channels of reporter ions. High numbers of acidic residues also contributed to missing TMT ions. These trends applied to both HCD and UVPD, suggesting that the two activation methods should share some common fragmentation mechanisms. For TMT-labeled N-glycopeptides, UVPD generally produced more types of fragments at glycosidic bonds than HCD. The wider range of cleavages at glycosidic bonds in UVPD provided more fragments to map the glycan structures for confident identification. At the same time, UVPD showed more consistent detection of TMT reporter ions (fewer missing values) than HCD for the TMT-labeled N-glycopeptides. Despite an overall higher coverage in UVPD spectra, the total number of PSMs in UVPD is consistently lower than that in HCD. This is likely because of the difficulties in detecting low intensity fragment ions, especially from low abundant precursors. Future developments would potentially address these issues and enable UVPD as a complementary tool for proteomics applications, especially for peptides with labile PTMs. In addition, there is ongoing interest in labeling intact proteins with isobaric tags for better quantitation in top-down proteomics [56]. UVPD fragmentation efficiency increases with the size of peptides/proteins because of higher photon absorption efficiency. Therefore, we also expect UVPD to improve quantitation and characterization of TMT-labeled large peptides and proteins in middle-down and top-down proteomics.
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Figure 1. Low mass fragments of TMTsixplex reporter ions with (a–c) UVPD and (d–f) HCD for Glu-Fibrinopeptide B. The first two columns are zoomed onto a low m/z region for better display of reporter ions. (c,f) show the full spectra. Peak intensities are labeled on the y axes. Inserts in (b,e) show the peptide coverage based on observed fragments in the full spectra. 
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Figure 2. Optimization of peptide identifications and TMT quantitation performance for HCD (left 3 on x axis in (a–c)) and UVPD (right 6 on x axis in a-c) by varying activation energies. (a) Total PSM (left y axis, white bars) and total number of MS2 spectra (right y axis, gray bars). (b) Percentage of PSMs that have at least one missing reporter ion. A break in the y axis is introduced at 5–15% to better display the values < 5%. (c) Average CV of relative quantitation for channel 126–130 to channel 131, excluding PSMs with at least one missing reporter ion. Data from 3 technical replicates were merged within each energy condition. (d) Histograms showing the precursor intensity distributions of PSMs for the optimized conditions of HCD NCE 28, HCD NCE 33, UVPD 2 mJ 2 pulses, and UVPD 3 mJ 1 pulse. Error bars in (a,b,d) are the standard deviations of 3 technical replicates. Error bars in (c) are the standard deviation of relative quantitation of the 5 channels. 
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Figure 3. Histograms of the number of mobile protons for PSMs under different (a,b,d,e,g,h) UVPD and (c,f,i) HCD activation conditions, as noted in the top right corner of each plot. For each plot in (a–i), the upper panel is the histogram for all PSMs, while the lower panel is for the PSMs with missing TMT reporter ions. All upper panels were set to the same scale for easy comparison. All lower panels were scaled differently for full display of the distribution even for very low counts. (j) Ratio of PSMs with no mobile protons to PSMs with mobile protons as a function of total UVPD laser power and (k) HCD NCE. Laser pulse energy, the number of laser pulses, and NCE are labeled next to the data points. All error bars are from 3 technical replicates. 
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Figure 4. Histograms of the number of acidic residues for PSMs under different (a,b,d,e,g,h) UVPD and (c,f,i) HCD activation conditions, as noted in the top right corner of each plot. For each plot, the upper panel is the histogram for all PSMs, while the lower panel is for the PSMs with missing TMT reporter ions. Error bars are from 3 technical replicates. All upper panels were set to the same scale for easy comparison. All lower panels were scaled differently for full display of the distribution even for very low counts. 
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Figure 5. Comparison of different HCD (blue columns) and UVPD (red columns) energies for analysis of TMT6-labeled AGP glycopeptides using I-GPA. The numbers of glycopeptide PSMs are shown in (a). The counts of quantifiable glycopeptide PSMs, which have no missing TMT channels, are shown in (b). Error bars in (a,b) are from 3 technical replicates. (c) Average CV of relative quantitation for channel 126–130 to channel 131 for quantifiable PSMs, with standard deviation of relative quantitation of the 5 channels shown as error bars. 
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Figure 6. MS/MS spectra of a representative N-glycopeptide of TMT-labeled AGP identified from (a) HCD NCE 28%, (b) UVPD 3 mJ 1 pulse, and (c) HCD NCE 17%. Peptide backbone fragments are colored, with assignments labeled on the peaks (a/b/c/x/y/z). Glycan oxonium ions and intact peptide ions with partially cleaved glycans are labeled with their m/z values and cartoon structures. Intact peptide was simplified as “PEP” in the labels. The glycan structure annotation follow the nomenclature of the Consortium for Functional Glycomics [55]. The precursor glycopeptide sequences and coverage maps are shown in the blue boxes. Remaining precursors were not seen in the HCD spectrum but was observed in UVPD as highlighted by the dotted black box in (b). UVPD generates a wide variety of fragments, including a complete set of TMT reporter ions. UVPD provided better coverage of the glycans than HCD at a single energy. Note that MS/MS spectra were taken from similar retention times and the same precursor for best comparability (see scan numbers in raw data in the Data Availability Statement). The absolute signal levels were shown above the y axis in each spectrum. 
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