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Abstract 28 

Short peptides are of extreme interest in clinical and food research fields, nevertheless they still 29 

represent a crucial analytical issue. The main aim of this paper was the development of an analytical 30 

platform for a considerable advancement in short peptides identification. For the first time, short 31 

sequences presenting both natural and post-translationally modified amino acids were 32 

comprehensively studied thanks to the generation of specific databases. Short peptide databases had 33 

a dual purpose. First, they were employed as inclusion lists for a suspect screening mass-34 

spectrometric analysis, overcoming the limits of data dependent acquisition mode and allowing the 35 

fragmentation of such low-abundance substances. Moreover, the databases were implemented in 36 

Compound Discoverer 3.0, a software dedicated to the analysis of short molecules, for the creation 37 

of a data processing workflow specifically dedicated to short peptide tentative identification. For 38 

this purpose, a detailed study of short peptide fragmentation pathways was carried out for the first 39 

time. The proposed method was applied to the study of short peptide sequences in enriched urine 40 

samples and led to the tentative identification more than 200 short natural and modified short 41 

peptides, the highest number ever reported. 42 
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1. Introduction 52 

 53 

Peptides can be classified in terms of their chain length as medium sized, namely those possessing 54 

five to twenty amino acids in their sequence, and small sized peptides, whose number of amino 55 

acids is lower than five[1]. Along with their molecular weight, peptides are also classified according 56 

to their nature, since they could be encrypted in proteins and therefore obtained by proteolysis with 57 

trypsin or other commercially available enzymes or they can be naturally produced by endogenous 58 

peptidases[2]. While medium size peptides, both tryptic and endogenous, have been extensively 59 

studied over the past two decades both in food and in clinical fields[2–6], the analysis of 60 

endogenous small peptides, which represent a crucial target in several fields, has long been an 61 

analytical challenge in terms of purification, separation and identification[2,7]. At present, in fact, a 62 

dedicated short-peptidomics approach is lacking, even though metabolomics studies have 63 

highlighted the importance of this class of compounds as possible biomarkers. In this context, for 64 

instance, metabolomics studies indicated a tetra-peptides and a tri-peptides as possible biomarkers 65 

in early bladder cancer urine samples[8] or some glycated peptides in dried blood spot from patients 66 

with cystic fibrosys[9], or some amino acid urinary markers potentially associated with autism 67 

spectrum disorder[10]. 68 

Recently, in our previous works the main attention was given on exploring several chromatographic 69 

technologies for dealing with the extremely uneven physico-chemical properties of this class of 70 

compounds by employing reversed phase (RP) C18 column, porous graphitic carbon (PGC) and a 71 

zwitterionic hydrophilic interaction (zic-HILIC) columns[11,12]. Subsequently, our attention was 72 

moved to sample preparation systems for their enrichment and purification considering the low 73 

endogenous abundance of these substances in biological samples. Therefore, an analytical platform 74 

based on graphitized carbon black (GCB) enrichment led to successfully identify more than 150 75 

short peptides in urine samples[11]. Alongside, short peptides were also identified in plasma sample 76 

by employing a purification step based on Phree™ Phospholipid removal cartridge in combination 77 



with solid phase extraction (SPE) on a GCB sorbent[13]. Small endogenous peptides were also 78 

identified in milk sample by cotton-HILIC based purification[14]. Despite these analytical 79 

improvements, the challenge related to those species identification, in terms of both their MS/MS 80 

fragmentation study and the setup of a data processing workflow for routine application in clinical 81 

studies still remains. The main issue in the identification of short amino acidic sequence is due to 82 

the need for an extensive manual mass-spectrometric (MS) investigation. The most common 83 

software programs for proteomics and medium-sized peptidomics studies cannot, in fact, be used 84 

for the automatized identification of such short sequences[15]. 85 

Moreover, all these papers did not deal with the occurrence of post-translational modification 86 

(PTMs) on amino acid residues, deriving from the widespread amount of modification in protein in 87 

cells and tissues. PTMs play a key role in functional proteomics, since they regulate activity, 88 

localization and interaction with different molecules such as proteins, lipids, cofactors and nucleic 89 

acids[16,17]. Furthermore, PTMs containing peptides are also of great interest in nutraceutical 90 

field[18–20]. In nature, more than 200 different PTMs are known but only a small portion has been 91 

extensively investigated in peptidomic studies, leading to the tentative identification of modified 92 

medium-size peptides.[16] Since the study of amino acid sequences is a surrogate for proteins 93 

activity alteration and considering the biological significance as biomarkers of such class, a 94 

comprehensive study of those sequences, bearing in mind also the occurrence of the most common 95 

PTMs, is essential to understand how short peptides can be recognized, and how they crosstalk with 96 

one another to control fundamental biological processes.  97 

Those technical bottlenecks were overcome by creating a novel customized workflow for small 98 

peptide analysis, which was implemented on Compound Discoverer 3.0, a software dedicated to the 99 

identification of small molecules based on HRMS data. This tool was set up with the purpose of 100 

leading to a comprehensive identification of all combinations of di-, tri and tetra peptides, deriving 101 

both from natural and modified amino acids, and it is the first of its kind, avoiding highly time-102 

consuming data analysis of a large set of features. First, a database with all short peptide molecular 103 



formulas and masses deriving from the combination of the 20 natural amino acids and 14 residues 104 

presenting the most common PTMs was compiled by MatLab and employed both from data 105 

acquisition and processing on Compound Discoverer 3.0, which was implemented of a customized 106 

workflow specific for short amino acid sequences identification. The developed data processing 107 

workflow was applied to the first urine short peptide profiling, comprehensive of PTMs on amino 108 

acid residues. For this purpose, a detailed study of short peptide peculiar fragmentation pathways 109 

was achieved for the first time. In order to test the potentiality, advantages and benefits of our 110 

developed methodology, a comparison with traditional de novo sequencing approach was also 111 

carried out. Our study highlights the many benefits of a tool for rapid, facile and partially 112 

automatized data analysis for the tentative identification of short peptides reducing the number of 113 

false positives and enlarging the knowledge on such important class of biological compounds for 114 

further applications in several research fields.  115 

 116 

2. Experimental Section 117 

 118 

2.1. Chemicals and Materials 119 

 120 

Optima LC–MS grade water, acetonitrile (ACN), and methanol (MeOH) were purchased from 121 

Thermo Fisher Scientific (Waltham, Massachusetts, USA). Trifluoroacetic acid (TFA) was supplied 122 

by Romil Ltd. (Cambridge). Formic acid and ammonium formate were purchased from Sigma-123 

Aldrich (Germany). Dichloromethane (DCM) was provided by VWR International (Milan, Italy). 124 

Cartridges packed with 500 mg Carbograph 4 were supplied from Lara S.R.L (Lara S.r.l., Formello, 125 

RM, Italy).  126 

 127 

 128 

 129 



2.2. Preparation of Urine Samples and Short Peptide Enrichment 130 

 131 

The first urine of the day was collected from 10 healthy volunteers. The collected samples were 132 

pooled, centrifuged at 1000 × g, acidified with HCl to pH 2, aliquoted, and stored at −20 °C until 133 

further processing. Urine aliquots were thawed at room temperature and centrifuged at 8000 × g to 134 

remove any insoluble debris. SPE and cleanup of short peptides was carried out by cartridges 135 

packed with 500 mg Carbograph 4. The applied procedure was optimized in our previous work. 136 

[11] Briefly, after the manually packing of GCB stationary phase into 6 mL polypropylene tubes 137 

(Sigma-Aldrich) with 500 mg of Carbograph 4 bulk material (130 m2/g surface area, 20/400–138 

120/200 mesh size), the cartridge was washed with 5 mL of DCM/MeOH, 80:20 (v/v) with 20 139 

mmol L–1 TFA and 5 mL of MeOH with 20 mmol L–1 TFA. The activation was carried out by 140 

flushing with 10 mL of 0.1 mol L–1 HCl and finally conditioned with 10 mL of 20 mmol L–1 TFA. 141 

Then, 2 mL urine was diluted in 8 mL H2O with 20 mmol L–1 TFA and loaded onto the cartridge, 142 

which was sequentially washed with 2 mL of 20 mmol L–1 TFA and 0.5 mL MeOH. Finally, 143 

analytes were eluted by back flushing elution with 10 mL of DCM/MeOH and 80:20 (v/v) with 20 144 

mmol L–1 TFA. The eluate was evaporated at room temperature in a Speed-Vac SC250 Express 145 

(Thermo Savant, Holbrook, NY, USA) and the residue reconstituted in 200 μL water and 200 μL of 146 

ACN/H2O, 75:25 (v/v) for RP and HILIC separation, respectively. 147 

 148 

2.3. Ultra-High Performance Liquid Chromatography-HRMS Analysis 149 

 150 

A Vanquish binary pump H (Thermo Fisher Scientific, Bremen, Germany), equipped with 151 

thermostated autosampler and column compartment, was used for short peptides chromatographic 152 

separation on two orthogonal columns: a Kinetex XB-C18 (100 × 2.1 mm, 2.6 μm particle size, 153 

Phenomenex, Torrance, USA) for RP separation and a iHILIC-Fusion UHPLC Column, SS (100 × 154 



2.1 mm, 1.8 μm particle size, Hilicon, Umea, Sweden) for HILIC separation. Chosen flow, column 155 

temperature and gradient parameters are reported in our previous work without any modification [11].  156 

The chromatographic system was coupled to a hybrid quadrupole-Orbitrap mass spectrometer Q 157 

Exactive (Thermo Fisher Scientific) using a heated ESI source. The ESI source was operated in 158 

positive mode and set up as previously reported [11]. HRMS top 5 data dependent acquisition 159 

(DDA) mode was performed in the range m/z 150-750 with a resolution (full width at half 160 

maximum, FWHM, m/z 200) of 70,000. Higher-energy collisional dissociation (HCD) 161 

fragmentation was performed at 40% normalized collision energy at resolution of 35,000 (FWHM 162 

@m/z 200). Two different inclusion lists, obtained by filtering the databases described in section 163 

“Short Peptide Databases Compilation”, presenting unique masses of precursor ions for natural or 164 

post-translational modified short peptides were implemented on the MS method for performing a 165 

suspect screening analysis. Raw data files were acquired by Xcalibur software (version 3.1, Thermo 166 

Fisher Scientific).  167 

 168 

2.4. Short Peptide Database Compilation 169 

 170 

Short peptide database was generated using MatLab R2018a by combining masses and molecular 171 

formulas of natural amino acids and several residues with modified side chains, in order to take into 172 

consideration the most common PTMs occurring on proteins. The combination of the 20 natural 173 

amino acids in di-, tri- and tetrapeptides resulted in 168,400 different sequences, which were 174 

filtered to remove duplicate masses. The filtered mass list (4980 unique masses) was intended to be 175 

employed as inclusion list, while the complete list was implemented into Compound Discoverer (v. 176 

3.0, Thermo, Waltham, USA). Thirteen amino acids presenting modified side chains (citrulline, 177 

hydroxylysine, hydroxyproline, methionine sulfoxide, pyroglutamic acid, methylarginine, 178 

acetyllysine, methyllysine, dimethyllysine, trimethyllysine, succinyllysine, phosphoserine and 179 

sulfotyrosine) and lactic acid were chosen based on data in the literature for investigating PTMs on 180 



short peptide sequences[21–30]. However, the number of unique masses obtained by combining the 181 

aforementioned fourteen residues to the twenty natural amino acids was considerably higher than 182 

5,000, which is the upper limit for inclusion lists on Q Exactive instruments. Since the tetra-183 

peptides represented both the largest number in the list and the least abundant sequences that were 184 

identified in urine in our previous study[11], tetrapeptides presenting modified side chains were 185 

therefore not included in the definitive list of 3179 unique masses.  186 

 187 

2.5. Data Analysis and Short Peptide Validation 188 

 189 

For each sample, raw data files from three experimental replicates and a blank sample were 190 

processed by Compound Discoverer using a workflow designed as follows (Figure S1). For short 191 

amino acid sequence raw data processing, the customized databases generated in section “Short 192 

peptide database compilation”, complete of IDs, masses and molecular formulas, were implemented 193 

in the mass lists feature for the automatic matching of extracted m/z ratios. Moreover, parameters 194 

for the predict composition tool were adapted to short peptides analysis. Compound class scoring 195 

tool was implemented with a large set of fragments deriving from amino acids at N-terminus, C-196 

terminus and in the middle of the sequence. Thus, experimental MS/MS spectra were automatically 197 

matched to the 34 compound classes, one for each natural or modified residue. The complete set of 198 

fragments composing the compound classes and Compound Discoverer parameters are reported in 199 

Tables S1, S2 and S3. Extracted masses from the chromatograms were aligned and filtered to 200 

remove background compounds present in the blank sample, features whose masses were not 201 

present in the databases and those which were not fragmented. Filtered features were manually 202 

validated matching experimental spectra to those generated in silico by mMass 5.5[31]. For residues 203 

carrying PTMs, peptides were tentatively identified according to the characteristic fragmentation 204 

spectra. Raw files were also processed by pNovo 3.1.3[32]. 205 

 206 



3. Results and discussion 207 

 208 

3.1. Customized Workflow on Compound Discoverer 209 

 210 

Untargeted analysis based on high-resolution mass spectrometry (HRMS) gives the opportunity of 211 

tentatively identifying unknown or unexpected compounds. However, extremely difficult and time-212 

consuming manual validation of the features is needed for the correct identification of uncharted 213 

compounds. Hence, when untargeted analyses are performed, the use of MS-based databases is 214 

almost essential for effectively associating retention times, mass to charge ratios and fragmentation 215 

spectra to known or unknown molecular structures. Nevertheless, even the most complete available 216 

databases do not possess exhaustive data for structure-related classes of compounds, resulting in 217 

often incomplete and fragmentary identifications. With the purpose of comprehensively identifying 218 

short amino acid sequences while assuring a great abridging of the manual validation, a different 219 

approach was chosen. As the number of combinations of amino acids in short peptide sequences is 220 

undoubtedly elevated but still finite, a customized database can be created combining the masses 221 

and formulas of natural and modified amino acids. The use of a customized database has a dual 222 

purpose. Firstly, it can be used as inclusion list for the mass-spectrometric method, allowing the 223 

selective MS/MS fragmentation of masses present in the database, which is particularly useful for 224 

the analysis of low-abundance compounds in complex matrices. Secondly, databases can be 225 

implemented in data analysis workflows for matching experimental features to listed compounds of 226 

a specific class. This approach was previously employed with the same logic for the comprehensive 227 

identification of phenolic compound conjugates[33]. 228 

When employing Thermo Q Exactive instrumentations, untargeted approaches are commonly 229 

performed with DDA methods, since more valuable data independent acquisition (DIA) approaches 230 

are highly time-consuming and show weak performances in slow orbitrap-based instruments 231 

[34,35]. However, DIA approaches, like all ion fragmentation (AIF), would grant the MS/MS 232 



fragmentation of all eluting precursor ions in a predefined isolation window, including low-233 

abundance species like short peptides. On the other hand, DDA methods, in which top n ranked 234 

precursor ions are sequentially isolated and fragmented, would repeatedly cause high-abundance 235 

species to suppress less concentrated coeluting compounds, which would not be fragmented and, 236 

eventually, identified. When precursor ion databases are available, suspect screening MS 237 

approaches constitute a valuable alternative to DIA, granting the selective fragmentation of 238 

precursor ions present in the inclusion list and overcoming the limits of DDA mode. Thus, many 239 

low-abundance species that would have normally been neglected, were fragmented and validated. 240 

Raw data files were processed by Compound Discoverer 3.0 with a peculiar workflow which was 241 

specifically projected for short peptide identification. Even though manual validation is essential for 242 

appropriately assigning the correct order of the residues in the sequence, the customized workflow 243 

assured not merely a comprehensive identification of short peptide sequences, but also a decisive 244 

streamlining of the validation step. As showed in Figure 1, the sequentially applied filters (Mass 245 

Lists filter, MS2 filter and Compound Class Scoring filter) allowed a critical decrease of the original 246 

features, with the result of much fewer compounds to be manually validated. Furthermore, with the 247 

automatic matching of features to hypothetical sequences, the MS investigation is greatly 248 

simplified. Thanks to Compound Class Scoring tool, which matches experimental fragments to 249 

those of implemented compound classes and assigns a percentage score, MS/MS spectra study was 250 

even more streamlined. 251 

 252 

3.2. Short Peptide Identification 253 

 254 

Fragmentation patterns of peptide sequences with CID or HCD techniques are very well-known, 255 

studied and predictable [36,37], allowing the automation of their identification thanks to the use of 256 

spectral libraries or de novo approaches. Even though amino acids present considerably uneven 257 

physico-chemical properties, such as molecular weight, polarity or acid-base properties, medium to 258 



long-sized peptides generally present noticeably less variable characteristics, since single amino 259 

acid peculiarities are mutually mitigated. As a result, the common medium-sized peptides generated 260 

by in vitro digestion with enzymes are usually identified by b and y product ions, due to on-chain 261 

fragmentation in correspondence of amide bonds. When peptide sequences are very short, however, 262 

the peculiarities of the specific amino acids are crucial, and general rules cannot be applied to all 263 

peptides. Fragments deriving from amino acids with basic side chains, such as histidine, lysine and 264 

arginine, are typically the most abundant, regardless of the position on the sequence. Moreover, the 265 

number of b and y ions decreases significantly with the shortening of the sequences, thus not 266 

allowing a full attribution of the product ions in the spectra. Iminium ions, which correspond to a 267 

fragments for N-terminal amino acids, assume great importance, since they represent a very stable 268 

charged form due to the absence of acidic groups. Iminium ions are usually more abundant than the 269 

corresponding b fragments, except for glycine and alanine, whose small side chain size avoids their 270 

detection, and for lysine, whose b-NH3 ion at m/z 129.1022 has generally high abundance (e.g. Asp-271 

Glu, Figure S2). Asparagine, glutamine, lysine, arginine and their modified derivatives usually 272 

produce iminium ions with losses of ammonia (e.g. m/z 84.0808 rather than m/z 101.1073 for 273 

lysine), while aspartic and glutamic acid generate iminium ions with losses of water (e.g. m/z 274 

84.0444 rather than m/z 102.0550 for glutamic acid). Even though the relative abundance of the 275 

iminium ions could indicate which amino acid is the N-terminus, some iminium ions (e.g. those 276 

deriving from histidine, proline, phenylalanine, tyrosine and tryptophan) are so much stable that are 277 

often base peaks. Luckily, for assigning the correct order of the residues, y ions are always present 278 

in the spectra, even when alkaline amino acids are present at N-terminus. As for iminium ions, also 279 

some y ions undergo losses of ammonia or water, which must be taken into consideration when 280 

attributing the signals. In particular, y ions undergoing losses of ammonia (which also correspond to 281 

z ions) are common for amino acids possessing amine or amide groups on their side chains as well 282 

as tyrosine (m/z 165.0546) and tryptophan (m/z 188.0706). Those neutral losses cause some tricky 283 

attributions when it comes to distinguishing asparagine from aspartic acid and glutamine from 284 



glutamic acid, as they produce iminium and y ions with the exact same m/z (e.g. 130.0499 285 

corresponds both to y-NH3 glutamine ion and y-H2O glutamic acid ion). In most cases, however, y 286 

ions prior to neutral losses are present in MS/MS spectra even in low abundance. Even though 287 

multistage MS analysis has been proven to correctly discriminate between leucine and isoleucine by 288 

the relative abundance of iminium-NH3 ion at m/z 69.0699 [38], the Q Exactive instrumentation 289 

does not allow performing MS3 experiments. For this reason, when leucine or isoleucine are present 290 

in the amino acid sequence, they have been listed as Xle, a common abbreviation for indicating one 291 

of the two isomers. As regards amino acids with modified side chains, they usually behave as 292 

regular amino acid in terms of fragmentation pathways. Hydroxyproline, for example, produces 293 

high-abundance iminium and y ion at m/z 86.0600 and m/z 132.0655, respectively (e.g. Hyp-Glu-294 

Gly, Figure S2). Discriminating between citrulline and arginine is sometimes highly insidious, since 295 

fragments produced by citrulline, which undergo both water and ammonia losses, assume the exact 296 

same masses as those produced by arginine (e.g. m/z 140.0818 corresponds both to b-NH3 arginine 297 

ion and b-H2O citrulline ion). The two residues have been discriminated based on the presence (or 298 

absence) of low-abundance m/z 113.0709, which corresponds to iminium-NH3 ion of citrulline and 299 

cannot derive from arginine. Fragments containing methionine sulfoxide rapidly undergo losses of 300 

CH4SO moieties, while tyrosine O-sulfate is widely subject to SO3 losses. Those peculiar 301 

fragmentation patterns have been carefully studied to correctly attribute product ions (e.g. Pro-sTyr, 302 

Figure S2). Finally, lactoyl-bound sequences present very intense M-HCOOH losses, while m/z 303 

73.0824, its pseudo-b ion, has very low abundance as a result of acidic compound scarce ionization 304 

efficiency. 305 

 306 

3.3. Short Peptidomic Analysis of Urine Samples 307 

 308 

Natural and modified short peptides have not been extensively studied in peptidomics works. For 309 

this reason, in this paper an analytical workflow able to characterize the entire short peptidomic 310 



profile on urine sample was developed. An overview of the tested variables in the workflow is 311 

depicted in Figure 2. 312 

 313 

Two orthogonal analytical columns (RP and HILIC) were used for urine sample separation. In our 314 

previous work on short endogenous peptides in urine samples[11], in fact, only 39% of the 315 

identified compounds was common to the two chromatographic columns. Moreover, the median 316 

Grand average of hydropathicity (GRAVY) values for C18 unique peptides was close to 0 value, 317 

while it was -1.78 for HILIC unique peptides, in agreement with the wide range of physico-318 

chemical properties of short peptides. Thus, employing two orthogonal system could lead to 319 

broaden the hydropathicity range of short analyzed peptides and therefore enhancing the number of 320 

tentative identifications. We next choose to evaluate two mass spectrometric strategies: an 321 

untargeted approach and a suspect screening analysis based on inclusion list (Figure 2). Raw data 322 

were processed by Compound Discoverer software leading to the tentative identification of 216 and 323 

42 short peptides following suspect and untargeted approach, respectively. Those results 324 

demonstrated that the suspect approach is essential for the comprehensive identification of low-325 

abundance short peptides. Among the 216 tentative identifications, 154 sequences presented only 326 

natural amino acids, while 62 possessed modified residues (Table S4 and S5, respectively). The 327 

high percentage (roughly 30%) of modified sequences amongst the identified short peptides 328 

represent a pivotal outcome, considering how neglected those compounds usually are. However, it 329 

is not sure whether tentatively identified peptides containing modified amino acids were real PTMs 330 

or are artifacts generated after protein cleavage or during sample pre-treatment. Eight modifications 331 

among the 14 modifications inserted in the database were found; in particular, 17 pyroglutamic 332 

acid, 16 hydroxyproline, 11 lactic acid, 9 citrulline, 4 succinillysine, 3 sulfotyrosine, one 333 

methionine sulfoxide and one metylarginine containing peptides were identified. Regarding the four 334 

PTMs not found, factors including degradation effects, unfavorable ionization properties of non-335 

tryptic peptides with PTMs, and the low in vivo abundance, can hinder their identification in a 336 



complex biological sample. In fact, despite the great potential of hyphenated high-resolution 337 

techniques, direct analysis is generally not possible without prior specific enrichment for some of 338 

these PTMs. Serine phosphorylations, for instance, are present in biological samples in sub-339 

stoichiometric concentrations and possess poor ionization efficiency, resulting in the suppression of 340 

their signal. As a result, highly selective enrichment strategies, such as immobilized metal or metal 341 

oxide affinity chromatographies, for phospo-based PTMs prior to HPLC-MS/MS analysis have 342 

become mandatory for efficient detection. Specific enrichment analytical methodology have to be 343 

optimize and applied[39–41]. 344 

In order to increase the coverage and the confidence in peptide identification, a combination of two 345 

columns with a distinct selectivity mechanism was carried out (Figure 2). As shown in Table S4, 346 

among the total number of natural short identified peptides, 56 were exclusively identified by the 347 

C18 column, 45 unique peptides were identified by the zic-HILIC column, while 53 were in 348 

common between the two data sets. It was also demonstrated that the use of the two columns was 349 

the best choice for enlarging the number of identifications also for modified peptides, considering 350 

that 25 peptides were in common between the two separation strategies while 20 and 17 were 351 

univocally identified in RP and HILIC separation, respectively. Whereas HILIC separation avoids 352 

elution of peptides at the dead volume, RP chromatography possesses ability to better separate 353 

isomers, which have been found to co-elute instead with HILIC due to generally larger peak shapes. 354 

As shown in Table S4, for instance, peptides Glu-Val and Asp-Xle were successfully separated by 355 

C18 column (rt 4.25 and 5.88, respectively), while co-eluted at rt 6.50 using the zic-HILIC column. 356 

This peculiarity could be important in targeted analysis of specific short sequences with a relevant 357 

clinical value, especially because the fragmentation patterns generated by collisional dissociation do 358 

not include product ions which can discriminate between leucine and isoleucine, for instance. 359 

The importance of the enrichment step was also evaluated. The direct analysis of urine 1:4 diluted 360 

in mobile phase and analyzed by RP-UHPLC allowed identifying only 55 short peptides sequences. 361 

As a result, the enrichment step and the suspect screening method for MS analysis are both equally 362 



essential for reducing suppression due to other high-abundance metabolites. In particular, the MS 363 

method is even more crucial than a 20-fold enrichment and purification step as regards the number 364 

of identified peptides (42 sequences for the enriched sample analyzed in untargeted fashion vs 55 365 

for the dilute and shoot sample analyzed with suspect screening method).  366 

 367 

3.4. De novo Sequencing of Short Peptides  368 

 369 

The common database-based proteomics software programs cannot be employed for short peptide 370 

analysis, since such short sequence identification would result in low level of confidence in 371 

associating the sequences to single proteins. Therefore, de novo sequencing programs represent the 372 

only viable option for comparing our developed methodology to already existing techniques[42,43]. 373 

De novo sequencing programs automatically predict amino acid sequences based on MS and 374 

MS/MS spectra and are therefore not depending on databases of known protein sequences. To date 375 

de novo sequencing was considered very promising and the only method for determining proteins 376 

from organisms with unknown genomes or for identifying blind PTMs[32,44]. pNovo is a freeware 377 

for de novo sequencing which has already shown to guarantee excellent results in terms of medium-378 

sized peptide coverage[32]. However, as shown in Tables S4 and S5, it only allowed the tentative 379 

identification of 59 and 28 natural and modified short peptides, which is roughly 40% of the 380 

sequences identified by Compound Discoverer. The unsatisfactory results were largely due to the 381 

lower cut off at m/z 300, which excludes most dipeptides. Nonetheless, although MS/MS spectra 382 

were automatically associated to amino acid sequences, thousands of tentative identifications were 383 

listed, causing long manual validation for filtering the effective correct features. Moreover, some of 384 

the identified sequences were misinterpreted, since the program does not take peak abundances into 385 

account, and just matches experimental to in silico product ions. Considering the high cut-off and 386 

the several misinterpretations of short sequences, the employed de novo software is probably 387 

oriented to longer peptide identification. In a typical de novo peptide identification, there is no peak 388 



extraction and chromatogram building prior to MS/MS spectral interpretation and peptides are 389 

seldom manually checked. However, while standard tryptic digest analysis of medium-sized 390 

peptides rarely leads to false positive due to the protein rich nature of tryptic digests and the 391 

multicharged ion filter used in the mass spectrometric methods, which excludes most other 392 

compounds, short endogenous peptides are minor components of other singly charged metabolites 393 

rich extracts. Therefore, the issue of peak extraction and association to MS/MS spectra followed by 394 

careful manual validation is highly recommended.  It must be noted, however, that the 395 

independence of pNovo from databases allowed the tentative identification of eight modified 396 

tetrapeptides, a class of short peptides that had to be left out as previously discussed (Table S5).  397 

In the end, as well as guaranteeing more thorough results, our developed approach is feasible for 398 

metabolomics applications both in clinical and agri-food fields for the evaluation of potential 399 

biomarker or bioactive sequences. Compound Discoverer, in fact, permits alignment, normalization 400 

and differential analysis for rigorous quality control-based studies, leading to still unexplored 401 

directions in short peptidomics studies. 402 

 403 

4. Conclusions 404 

 405 

Both in clinical and in food applications, the identification and characterization of endogenous short 406 

peptides is of great significance. However, a variety of issues makes short peptidomics less 407 

straightforward compared to medium-size peptide analysis. The paper describes the development of 408 

a data processing workflow by means of Compound Discoverer software for the identification of 409 

endogenous short and modified peptides, whose peculiar fragmentation pathways were for the first 410 

time discussed. The developed analytical workflow demonstrated the potentiality to obtain a larger 411 

number of short peptide sequence identifications, and above all it allowed the tentative 412 

identification of PTM-containing sequences, which is a hot topic in the fields of clinical and 413 

nutraceutical endogenous peptidomics. The obtained results revealed that short modified peptides, 414 



which are often neglected, constitute a large portion of this class of endogenous compounds. 415 

Moreover, the presented analytical workflow increases the computational speed while reducing the 416 

manual work of the analysis when compared to other current methods well described recently[2], 417 

which do not lead to the identification of short peptide sequences. The suspect screening method 418 

was considerably the best choice to overcome the issues of DDA analysis for those low-abundance 419 

compounds. Last but not least, this novel approach could result in the discovery of non-invasive 420 

biomarkers for diagnosing patients with different diseases, with the aim to ultimately improve 421 

clinical outcomes. 422 
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Figure 1. An exemplary application of the Mass Lists, MS2 and Class Coverage filter to natural 599 

short peptide analysis raw files obtained by RP separation and suspect screening MS method. 600 
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Figure 2. Flow chart representing the compared strategies for short peptide identification.  617 
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