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A B S T R A C T   

The disulfide bonds formed in the SAPA domain of a recombinant version of the NH2-terminal propeptide (SP- 
BN) from the precursor of human pulmonary surfactant protein B (SP-B) were identified through sequential 
digestion of SP-BN with GluC/trypsin or thermolysin/GluC, followed by mass spectrometry (MS) analysis. MS 
spectra allowed identification of disulfide bonds between Cys32-Cys49 and Cys40-Cys55, and we propose a di-
sulfide connectivity pattern of 1–3 and 2–4 within the SAPA domain, with the Cys residues numbered according 
to their position from the N-terminus of the propeptide sequence. The peaks with m/z ~ 2136 and ~ 1780 in the 
MS spectrum of the GluC/trypsin digest were assigned to peptides 24AWTTSSLACAQGPE37 and 45QALQCR50 

linked by Cys32-Cys49 and 38FWCQSLE44 and 51ALGHCLQE58 linked by Cys40-Cys55 respectively. Tandem mass 
spectrometry (MS/MS) analysis verified the position of the bonds. The results of the series ions, immonium ions 
and internal fragment ions were all compatible with the proposed 1–3/2–4 position of the disulfide bonds in the 
SAPA domain. This X-pattern differs from the kringle-type found in the SAPB domain of the SAPLIP proteins, 
where the first Cys in the sequence links to the last, the second to the penultimate and the third to the fourth one. 
Regarding the SAPB domain of the SP-BN propeptide, the MS analysis of both digests identified the bond Cys100- 
Cys112, numbered 7–8, which is coincident with the bond position in the kringle motif. 
Significance: The SAPLIP (saposin-like proteins) family encompasses several proteins with homology to saposins 
(sphingolipids activator proteins). These are proteins with mainly alpha-helical folds, compact packing including 
well conserved disulfide bonds and ability to interact with phospholipids and membranes. There are two types of 
saposin-like domains termed as Saposin A (SAPA) and Saposin B (SAPB) domains. While disulfide connectivity 
has been well established in several SAPB domains, the position of disulfide bonds in SAPA domains is still 
unknown. The present study approaches a detailed proteomic study to determine disulfide connectivity in the 
SAPA domain of the precursor of human pulmonary surfactant-associated protein SP-B. This task has been a 
challenge requiring the combination of different sequential proteolytic treatments followed by MS analysis 
including MALDI-TOF and tandem mass MS/MS spectrometry. The determination for first time of the position of 
disulfide bonds in SAPA domains is an important step to understand the structural determinants defining its 
biological functions.   

1. Introduction 

We understand better the tertiary structure and the function of 
proteins when we know the number and location of their disulfide bonds 
linking oxidized cysteine residues. In addition to structural and catalytic 
disulfide bonds, the allosteric ones regulate the function of proteins by 
triggering conformational changes when they are formed or/and when 

they are open [1]. Disulfide bonds, a feature of secretory proteins, also 
contribute to proteins overall stability [2] although they may restrict 
energetically favourable conformations of some folded proteins [3]. The 
unambiguous identification of disulfide bonds involves X-ray crystal-
lography or the proper assignment of the 13C -NMR chemical shifts, 
which discriminate between the oxidized and the reduced state of 
cysteine residues [4]. Other techniques to identify linked protein 
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segments combine experimental and algorithmic methods including 
targeted digestion of proteins, analysis by mass spectrometry (MS) of the 
proteolytic peptides obtained [5] and their comparison with theoretical 
peptides expected according to in silico digestion. Besides, the employ of 
purely computational methods, with an accuracy of ~60%, is limited to 
proteins with few disulfide bonds [6] 

SAPLIP (saposin-like proteins) family encompasses several proteins 
with homology to saposins (sphingolipids activator proteins) [7]. Four 
mature saposins are formed through cleavage of the index member, the 
precursor prosaposin that contains four Saposin B domains (SAPB), one 
corresponding to each future mature protein and two Saposin A domains 
(SAPA) located at its NH2- and COOH- terminus respectively. Each SAPB 
module shows three disulfide bonds well characterized, responsible for 
the high thermal stability and the resistance to proteolytic degradation 
exhibited by mature saposins [8]. The Cys residues in the SAPA domains 
of prosaposin are presumed to form disulfide bonds as they are highly 
conserved among the SAPLIP members (Fig. 1), although the position of 
these disulfide bonds is still unknown. The reason could be that SAPA 
domains typically locate at flanking amino acid segments, apparently 
discarded when the processing of the precursor prosaposin releases the 
four mature saposins. To date, there are 1737 SAPA domains identified 
within 1080 proteins in SMART’s nrdb database [9], and the determi-
nation of the position of their disulfide bonds would be the first step to 
approach the characterization of the structural determinants defining 
the SAPA domain. 

Surfactant protein B (SP-B) is a small hydrophobic protein necessary 
for the biogenesis of lung surfactant, in charge of forming surface-active 
films stabilizing alveoli during deflation [10]. SP-B originates from a 
precursor (proSP-B), which is a member of the SAPLIP family, contain-
ing two propeptides flanking the mature SP-B module at its NH2- and 
COOH-termini respectively [11]. Three SAPB-like domains are con-
tained within the precursor, with six Cys residues each one, including 
the one in the mature protein (that contains an extra Cys residue) and 
one in each of the flanking NH2- and COOH-termini domains respec-
tively. ProSP-B contains an extra SAPA domain at its NH2-terminus [12] 
as shown in Fig. 1. Each SAPB domain of the precursor holds three intra- 
chain disulfide bonds [13], as seen in a recombinant form of the SAPB 
domain from the NH2-terminal propeptide in mouse [14] or deduced by 
homology with saposins [15]. The only SAPA domain in the NH2-ter-
minal propeptide holds four Cys residues but the position of the 

corresponding disulfide bonds that they presumably form has remained 
elusive. 

We produced the NH2-terminal propeptide (177 amino acids, SP-BN) 
of human proSP-B, containing both SAPA and SAPB domains, in E. coli as 
a recombinant form without extra amino acid residues [16–17]. We 
established that the NH2-terminal propeptide forms a coiled coil at 
acidic pH [18], with high thermal resistance (melting point above 
117 ◦C), and forms oligomers that tend to dissociate with increasing 
temperature as seen by differential scanning calorimetry and by sedi-
mentation analysis at low ionic strength [19]. Moreover, 5,5′-dithio-bis- 
(2-nitrobenzoic acid) could not titrate free thiols in the propeptide, 
suggesting that its ten Cys residues (four in SAPA and six in SAPB do-
mains) are involved in five disulfide bonds, which are probably 
responsible of the thermal resistance exhibited by the NH2-terminal 
propeptide [19]. 

The aim of the present work was to identify the position of disulfide 
bonds in the SAPA domain of the propeptide. To achieve it, a sequential 
digestion with GluC and trypsin proteases as well as with thermolysin 
and GluC was carried out, and aliquots of the digests further treated or 
not with dithiothreitol (DTT) were subjected to matrix-assisted laser 
desorption/ionization time of flight mass spectrometry (MALDI-TOF 
MS). The m/z of the peaks in the MS spectra was matched with the mass 
of peptides expected from the in silico digestions according to the MS- 
Bridge program of the Protein Prospector Server [20]. The peaks in 
the MS spectrum after digestion by GluC/trypsin identified as containing 
disulfide bonds within the SAPA domain, were selected and subjected 
again to MS (tandem mass spectrometry, MS/MS) searching for frag-
ment ion peptides that could verify disulfide connectivity. 

2. Materials and methods 

2.1. Production and digestion of the NH2-terminal propeptide SP-BN 

We expressed a recombinant form of the human wild type NH2-ter-
minal propeptide, SP-BN, in E. coli as a fusion protein with the Maltose 
Binding Protein. The purification of the propeptide after cleaving the 
fusion chimera with factor Xa was as described [16]. The fractions 
containing the purified SP-BN in 20 mM Tris-HCl buffer pH 7, 500 mM 
NaCl were dialyzed towards 100 mM sodium phosphate buffer pH 7.8, 
the reaction buffer for the digestion of the propeptide by proteases. 

PSPB_HUMAN/25-65      WTTSSLACAQGPEFWCQSLEQALQCRALGHCLQEVWGHVGA
PSPB_MOUSE/24-64      TSASSLECAQGPQFWCQSLEHAVQCRALGHCLQEVWGHAGA
PSPB_RABIT/26-66      WATSPLACAQGPEFWCQSLEQALQCKALGHCLQEVWGHVGA
PSPB_RAT/23-63        ESASSPDCAQGPKFWCQSLEQAIQCRALGHCLQEVWGHAGA
SAP_HUMAN/18-58       PVLGLKECTRGSAVWCQNVKTASDCGAVKHCLQTVWNKPTV
SAPL1_HUMAN/19-59     PTSGPQECAKGSTVWCQDLQTAARCGAVGYCQGAVWNKPTA

Fig. 1. Human preproSP-B structures, sequence of 
human SAPA domain and alignment of SAPA domains. 
Signal peptide encompasses amino acid residues 1-23 in 
the upper panel. Numbers indicate the amino acid posi-
tion at the beginning of the SAPA domain (24-64) and at 
the beginning and end of the SAPB domains (65-147) 
(204-279) and (295-370), the NH2-terminal propeptide 
(24-200) and mature SP-B (201-279). Solid lines be-
tween Cys residues represent disulfide bonds and dashed 
lines means putative disulfide bonds by homology with 
bonds in preproSaposin. Unpaired red Cys residue in 
mature SP-B dimerizes mature SP-B through interchain 
disulfide bond. No potential glycosilation site is depic-
ted. Bottom panel shows only a selection of CLUSTAL 
format alignment (expasy.org/prosite) of the SAPA 
domain in members of the SAPLIP family, and in 
consequence, there are more conserved residues actually 
than the black ones given by the alignment. Comparing 
the four SAPA sequences of the propeptides, the identity 
of human with rabbit is 92.6 % and 80.4 % between 
mouse and rat. The identity decreases to 34.1 % and 
36.5 % relative to sequences not belonging to lung sur-
factant proproteins. The alignment excludes 24A and 
encompasses 65A, a borderline residue of the SAPB 
domain. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web 

version of this article.)   
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5 μL of endoproteinase GluC (SIGMA-Aldrich; 1 μg.μL− 1 in water) 
were added to 100 μg of the propeptide in 250 μL of the reaction buffer 
(propeptide/GluC ratio 20:1, by weight). The mixture incubated at 37 ◦C 
for 18 h was cooled in ice thereafter. Sequential digestion with trypsin 
was performed by adding 1 μL of bovine trypsin (SIGMA-Aldrich; 1 μg.μ 
L− 1 in water) to 100 μL of the GluC digest at a propeptide/trypsin ratio of 
40:1 by weight. The incubation took place at 37 ◦C for 90 min and was 
stopped by cooling in ice. Half of the final digest was analysed by Mass 
Spectrometry (MS), and the other half was incubated with dithiothreitol 
(SIGMA-Aldrich) at 100 mM final DTT for 30 min at room temperature, 
stopped in ice and subjected to MS analysis. 

An alternative sequential proteolysis of the propeptide was carried 
out with thermolysin (SIGMA-Aldrich) as the first acting protease at the 
same protease/propeptide ratio and other experimental conditions as 
described above for the first protease acting (GluC). The second protease 
to act was GluC with the same protease/propeptide ratio and the 
experimental conditions used above with the second protease (trypsin). 
The treatment of the digest with DTT was also as described above. 

2.2. MALDI-TOF mass spectrometry (MS) of digested NH2-terminal 
propeptide (SP-BN) 

The matrix solution to mix with the desalted digestion samples was 
alfa-ciano-4-hydroxytranscinnamic acid (CHCA). After air-dried, the 
mix was subjected to MALDI-TOF MS analysis on a 4800 Plus Proteomics 
Analyzer, AB Sciex at the Proteomics Facility of Complutense University 
in Madrid. The instrument was operated on a reflector positive-ion mode 
with an accelerating voltage of 20 kV. The deconvolution of the data 
generated monocharged ions in the MS spectrum in the m/z range 849 to 
4013. The observed m/z of the peaks was assigned to masses of peptides 
obtained in silico by the MS-Digest program of the protein Prospector 
server [20]. The conditions were: GluC and Trypsin as double proteases 
digestion, reduced Cys, monoisotopic, protonated peptides (M + H)+, 9 
maximum missed cleavages to detect uncleaved targets and variable 
modifications as Met oxidation, Gln deamidation to Glu and “1 Incorrect 
Mono 1 Da”. The mass error (Δ) in peptides assignment was calculated 
in parts per million (ppm, absolute values) using an algorithm [21]. The 
theoretical mass of disulfide linked peptides was obtained with the MS- 
Bridge program of the Protein Prospector server [20] with double 
digestion with GluC and trypsin, 100 ppm of mass tolerance, 3 maximum 
missed cleavages and as variable modifications: Gln deamidation to Glu, 
“1 Incorrect Mono 1 Da” and N-terminal Gln deamidation to pyroGlu. 
Alternatively, we run the program with 220 ppm mass tolerance and 5 
maximum missed cleavages. 

The digest of the sequential digestion of the propeptide with ther-
molysin/GluC, was subjected to MS analysis as described above. The in 
silico double digestion with thermolysin and GluC could not be carried 
out since neither MS-Digest nor MS-Bridge run it. The propeptide was 
digested with thermolysin by MS-digest with 5 maximum missed 
cleavages and Gln deamidation to Glu. Separately, the propeptide was 
digested with GluC with 5 maximum missed cleavages. Then, MS-Bridge 
digested the propeptide with thermolysin, 80 ppm of mass tolerance, 8 
maximum missed cleavages and deamidation of Gln to Glu. Besides, MS- 
Bridge digested with thermolysin (same conditions as above) the peptide 
100C–D117 obtained by MS-Digest trough digestion of the propeptide 
with GluC and the peptide 133S-E151 was digested with thermolysin by 
MS-Digest and 4 maximum missed cleavages. 

2.3. Tandem mass spectrometry (MS/MS) 

The presumed disulfide linked peptides (precursor or parental ions) 
in the SAPA domain, with m/z (mass to charge ratio) ~ 2136 and ~ 
1780, were subjected to MS/MS analysis in a 4700 Analyzer. They were 
broken in fragment peptide ions by collision-induced dissociation (CID) 
using atmospheric air as collision gas and 1 keV of collision energy. After 
deconvolution, the peaks in spectra correspond to monocharged 

fragment ions. The m/z in the MS/MS spectra were assigned to the 
masses obtained in the in silico fragmentation of precursor ions by the 
program MS-Product of the Protein Prospector server [20]. The theo-
retical fragment peptide (M + H)+ ions were monoisotopic, with 
reduced Cys, and showing a few but common neutral losses from their 
amino acid side chains. The m/z of the still unassigned peaks was 
matched by hand with the mass of linked or unlinked peptides pro-
ceeding from the precursor ion, with or without neutral losses. The mass 
of neutral losses was calculated with the Molecular Mass Calculator 
[22]. The formula of the losses was in the Hill notation: first C, second H 
(hydrogen, bold when alone, to differentiate it from H, the one-letter 
code of His) and the rest in alphabetical order, with the exception of 
NH3 for easy recognition. Atomic masses (integer number with four 
decimals) were from the Handbook of Chemistry and Physics [23]. 

2.4. Prediction of disulfide bonds in the propeptide SP-BN and in its SAPA 
domain 

We subjected the sequence of the propeptide (24A-Q200) as well as the 
sequence of its SAPA domain (24A-G64) to Cys disulfide bonding and 
connectivity predictors using the algorithms DISULFIND [24], DIPRO of 
the SCRATCH Server [25], DiANNA [26] and CysPred [27]. 

3. Results and discussion 

Sequential digestion of the propeptide SP-BN with GluC/trypsin was 
followed by MALDI-TOF MS analysis of the digest, and verification of the 
presumed linked peptides by MS/MS. It served to identify the position of 
the disulfide bonds in the SAPA domain of SP-BN. Alternative proteolysis 
of the propeptide with thermolysin/GluC followed by MS intended to 
support the obtained results with the GluC/trypsin analysis. 

3.1. Proteolysis of the propeptide SP-BN, with GluC/trypsin followed by 
MALDI-TOF MS of the digest and peptide mapping 

Upon analysis of potential proteolytic targets in the primary 
sequence of the SAPA domain, which could be located between Cys 
residues, we chose as a strategy to approach the sequential proteolysis of 
the propeptide with two proteases. Looking at the substrate and 
considering the pH 7.8 imposed by the proteolytic processes, we know 
that the propeptide is folded at pH 7 [18,19] but that at mild alkaline 
pH, its α-helix content increases slightly due to the deprotonation of an 
amino acid residue with pK = 8.05 ± 0.15 [28]. The group responsible 
for this pK must be the amino group of its N-terminus (pK ~ 8), which is 
lower than the pK of amino groups belonging to sidechains, due to the 
electron-withdrawing effect of the adjacent peptide bond [29]. The 
fluorescence emission at pH 7.8 increases slightly as the Trp residues 
become less quenched [28]. 

In spite that SAPLIP member proteins are highly resistant to trypsin 
attack [8], we did not use denaturants as done previously to elucidate 
the disulfide connectivity in the SAPB domain of the precursor of mouse 
surfactant protein B [15]. The reason is that SAPA domain holds three 
GluC and a trypsin targets, and that GluC cleaves its targets in helices 
nearly as often as in loops [30]. The nicked protein becomes usually 
more flexible and unstable than the native one [31] opening the way to 
ulterior trypsin digestion during shorter time [32]. Therefore, we 
employed sequential double digestions, first using a protease with full 
digestion conditions and then a second with limited proteolysis, GluC 
and trypsin respectively. 

The sequential digestion with GluC and trypsin was at high sub-
strate/protease ratio to minimize protease autolysis according to com-
mercials. Besides, moderate alkaline pH and short digestion time with 
trypsin were used as they usually decrease disulfide bonds shuffling 
[33,34], and short digestion time minimizes the chemical protein 
modifications by deamidation [35]. The proteolytic peptides subjected 
to MS took a proton from the matrix CHCA, mainly in their amino 
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terminal group, being singly charged ions if they hold Glu in their C- 
terminus, doubly charged if they hold Arg, and increasing their charge if 
they had internal basic residues. After charge deconvolution, the peaks 
represented singly charged ions in spectra. The in silico propeptide 
digestion by MS-Digest generated a list with the masses of unlinked 
reduced peptide ions. The digestion by MS-Bridge with the same pro-
teases gave the mass of the disulfide linked peptides and the mass error 
of the assignments. Fig. 2A shows the MS spectrum of the digest and 
Fig. 2B the MS spectrum of the digest treated with DTT: the m/z of peaks 
assigned to disulfide linked peptides and the lines pointing to them were 
in red. Table 1 summarizes the calculated masses, the observed m/z, the 
mass errors and the peptide sequences. Scheme 1 depicts the primary 

sequence of the propeptide with the presumed S–S linked peptides 
framed in blue and other proteolytic peptides framed in orange while 
Cys residues are in red. 

3.1.1. Peptide assignment in the SAPA domain 
We could not use the classical identification of the MS peak signals 

with the widely used MASCOT [36] since it identifies tryptic peptides 
with reduced and alkylated Cys [37]. Instead, the propeptide digests 
must contain peptides other than tryptic (GluC and semitryptic) from the 
GluC/trypsin digestion. Besides, there is no information in databases 
regarding the bonds position in SAPA domains of proteins, making 
useless these programs. Instead, in silico digestions had to be enough for 

Fig. 2. MS spectra of peptides obtained after digestion of SP-BN with GluC and trypsin (A) and of the digest treated with DTT (B). 
Lines and numbers (in red) point to the m/z of ions assigned to disulfide bonds linked peptides or to a peptide with an intrachain disulfide bond. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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finding the bonds position. 
The peak with m/z 2136.9775 (Fig. 2A) was assigned by MS-Bridge 

(100 Da mass tolerance) to the theoretical peptide with 2136.9801 Da 
formed by 24AWTTSSLACAQGPE37 (1421.6366 Da) and 45QALQCR50 

(718.3665 Da) linked by the disulfide bond C32-C49 (Table 1, Scheme 1). 
This peak does not appear in Fig. 2B after reduction with DDT, and this 
absence is usually the key for a right peak assignment [38] or at least its 
majority disappearance in the spectrum [34,39]. This peak is accom-
panied by a satellite peak (m/z 2119.9788) shifted − 17 from it (Fig. 2A), 
and assigned to an ion with 2119.9535 Da composed of the same linked 

peptides indicated above except that the N-terminal Gln (Q45) lose 
ammonia and underwent cyclization through a glutarimide intermedi-
ate into pyroglutamic acid (pyroE) [40]. This type of reaction takes place 
easily when Ala follows the N-terminal Gln residue [41] as it is the case 
in 45QALQCR50 (Table 1). The peak in question did not appear in the 
presence of DTT, reinforcing the goodness of the assignment. 

Another peak with m/z 1780.9337 (Fig. 2A) was assigned by MS- 
Bridge to an ion with 1780.7669 Da (Δ = 93.7 ppm) formed by the 
peptides 38FWC(E)SLE44 (913.3760 Da, Q41 is replaced by E41) and 
51ALGHCLQE58 (870.4138 Da) linked by the disulfide bond C40-C55 

Table 1 
Observed m/z and calculated peptide masses from the GluC/Trypsin digestion of the propeptide. 

Cys residues (red) form S-S bonds inter- or intra-peptide (bold) and changes or modifications of the existing amino 
acids are in parentheses (blue). Observed data are from Fig 2A. Observed underlined data may match with two 
calculated values. 
a The numbers 1 to 10 refer to the order of Cys residues from the N-terminus of the propeptide sequence. 
b ND: Not determined the disulfide bond position between residues C69 (5) and C72 (6) with C137 (9) and C143 (10). 

Scheme 1. Primary sequence of the propeptide SP-BN digested in silico with GluC and trypsin, with the peptides assigned to peak signals in the MS spectrum 
Peptides linked by disulfide bonds are framed in blue and the unlinked ones are framed in orange accordingly. The unframed peptides have masses under 849 Da (low 
limit of m/z range). Numbers refer to Cys residues (red) and to the N- and C-terminus of peptides. Solid lines between Cys residues indicate disulfide bonds whereas 
dashed lines indicate putative disulfide bonds by homology with the bonds in proteins of the SAPLIP family. Data come from Table 1 although the peptides sequence 
shows none of the chemical modifications the amino acid residues have suffered. 
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(Scheme 1 and Table 1). The deamidation reaction increased the mass of 
the ion 38F-E44 in 0.984 Da [42] through a slow process in cells but much 
accelerated during proteolysis [43]. The blank of deamidation must be 
Q41, because Ser (S) follows it. Thus, it would be an extend over the most 
probable pairs described for Asn (N) deamidation: NG > NS, with the 
chemical modification taking place when the deamidation blank is fol-
lowed by a small and flexible amino acid residue such as Gly or Ser 
[41,44]. Alternatively, MS-Bridge also assigned the m/z 1780.9337 to an 
ion with 1780.7863 Da and Δ = 82.2 ppm, naming it “1 Incorrect Mono 
1 Da”. This ion would be formed by the disulfide linked peptides 
38FWCQSLE44 and 51ALGHCLQE58 plus 1 Da, because the wrong peak in 
the isotope cluster was chosen [45]. This process is much less frequent 
than Gln deamidation but shows smaller mass error. The deamidation 
alternative is shown in Table 1 although we have no additional evidence 
pointing to which is the right choice. When we widened the mass 
tolerance up to 650 ppm to run the program, we obtained an ion with 
1779.7829 Da corresponding to the same but unmodified linked pep-
tides with Δ = 647 ppm. As general rule, we consider the chemical 
modifications of residues in blue and between parentheses, as they 
appear in Tables but not in Schemes. 

The MS spectrum of the digest after DTT treatment shows a peak with 
m/z 1781.8813 (Fig. 2B). It appears that the C40-C55 bond, if any, was 
unbroken or broken at an extremely low velocity as it was found with up 
to 100 mM DTT [46], and it may be that Gln deamidation has taken 
place during the incubation with DTT since there is an increase of ~1 Da 
in Fig. 2B relative to Fig. 2A. In spite of the lack of confirmation of the 
assignment by the reducing agent, we maintain a priori the assignment of 
the peak with m/z 1780.9337 to the mentioned disulfide linked peptides 
holding one Gln deamidation (Table 1 and Scheme 1) until ulterior 
verification by MS/MS. 

Up to now, these results point to the SAPA domain displaying a di-
sulfide pattern 1–3 and 2–4, being Cys residues 1, 2, 3 and 4 numbered 
from N- to C-terminus of the propeptide sequence in Scheme 1. 

3.1.2. Peptide assignment in the SAPB domain and the connecting arm of 
the NH2-terminal propeptide 

The peak with m/z 2411.2693 in Fig. 2A was assigned by MS-Bridge 
(100 Da mass tolerance) to peptide 98QECNVLPLKLLMPQCNQVLDD118 

(Table 1, Scheme 1) with an intrachain bond C100-C112 in the SAPB 
domain. This bond position, 7–8 in the propeptide sequence, agrees with 
the position reported in SP-B [13], in members of the SAPLIP family [7] 
and in a recombinant form of the SAPB domain from the NH2-terminal 
propeptide in mouse [15]. 

The 2411.2693 m/z signal disappeared in Fig. 2B upon DTT reduc-
tion instead of the expected shifting of +2 Da, which may be due to the 
cleavage of the target K106 by trypsin once the S–S bond was broken. 

The peak with m/z 3248.6646 (Fig. 2A) was assigned by MS-Bridge 
to peptides 67DLCQECE73 (839.2910 Da) and 126YFQNQTDSN-
GICMHLGLCKSR146 (2415.1002 Da) linked by two disulfide bonds (total 
mass 3249.3526 Da) when the mass tolerance was increased up to 220 
ppm. The lack of targets for both proteases between C137 and C143 in 
126Y-R146, made impossible the correct disulfide bonds assignment, a 
difficulty previously reported in SAPB domain of the propeptide in 
mouse digested by trypsin [15]. The peak signal in question disappeared 
upon DTT treatment (Fig. 2B). Moreover, GluC could not cleave the 
residue E71 between C69 and C72. Since GluC is an endopeptidase, it is 
possible that the stretch 69C–C72 is too small to satisfy the steric 
requirement for the enzyme to catalyse, and previous results could not 
establish the disulfide bonds between these four Cys residues [15]. We 
assigned the disulfide bonds C69-C143 and C72-C137 by homology with 
the S–S bonds in the SAPB domains of the SAPLIP family members [7], 
which are the positions 5–10 and 6–9 (dashed lines, Scheme 1). In 
Table 1 appears assigned by MS-Digest to the same m/z, the peptide 
147Q-K175 (3248.6508 Da, Table 1) belonging to the connecting arm, 
which could be digested by proteases during the reduction process, 
originating its disappearance also from the spectrum in Fig. 2B. The 

same scenario arrives from the assignation by MS-Bridge of the peak 
with m/z 3363.7314 to the linked peptides 67DLCQECED74 (954.3179 
Da) and 126YFQNQTDSNGICMHLGLCKSR146 linked by two disulfide 
bonds, with a total mass of 3364.3796 Da (Table 1 and Scheme 1) 
pointing to the same bonds 5–10 and 6–9 by homology. However, this 
peak did not disappear upon DTT treatment (Fig. 2B), perhaps related 
with the detection by MS-digest of another peptide 145S–D174 

(3363.6889 Da, Table 1) in the connecting arm lacking Cys residues, 
which did not suffer ulterior digestion by proteases during the incuba-
tion with DTT. These double assignments are accompanied in Table 1 of 
a third one: the m/z 981.4697 was assigned by MS-Digest to the peptides 
86A-R93 and 118D–D125 belonging to the SAPB domain. In Table 1, the 
observed signals with a possible double meaning have been underlined. 

In addition, some ions seems to correspond to peptide species 
suffering of chemical modifications affecting their masses such as Gln 
deamidation and Met oxidation as 82M-K94 in SAPB or 147Q-D158 in the 
connecting arm (Table 1). Finally, three peptides in Scheme 1 were 
unassigned to peak signals such as 59V–D66 (840.99 Da) in the SAPA 
domain, and 75I–K81 (836.5352 Da) and 95F-E97 (408.2129 Da) in the 
SAPB domain, as their masses are <849, the low limit of the spectrum in 
Fig. 2A. Therefore, practically all the proteolytic peptides obtained from 
the propeptide were assigned to peak signals, being the connecting arm 
100% covered by overlapping peptides. The targets of proteases on the 
SAPB and the connecting arm of the propeptide seem therefore to be 
consistent with the structures predicted for the domain as shown in 
Fig. S4 and Fig. S5 respectively of supplementary data. 

3.1.3. Other considerations in peak assignment 
Since sequential proteolysis yields usually very complex mixtures to 

analyse [47], unassigned peaks remain. Cleavages with some proteases 
generate controversy since Peptide-Mass of the Expasy server [48] does 
not allow the cleavage by GluC after Asp or Glu if they have Pro in their 
C-terminal. Instead, MS-Digest listed the theoretical peptides 145S-E153, 
147Q-D158 and 154P–D174 originated by X-Pro cleavages (X being the 
acidic residue), and we assigned them to peak signals (Table 1) although 
they are not depicted in Scheme 1. Moreover, it was published that 
>95% of the peptides displayed canonical selectivity whereas the rest 
obeyed to non-canonical cleavages by GluC [49], and large-scale MS 
data suggest that cleavages by trypsin occurs even when Arg or Lys were 
followed by Pro residue [50]. To complicate even more peak assignment 
there are evidences that proteins non-denatured prior proteolysis and 
containing disulfide connectivity suffer frequently either incomplete or 
non-specific cleavages because trypsin skip certain canonical cleavage 
sites and break after residues other than Arg or Lys [51]. The fact that 
proteases can suffer autolysis [52] or the potential presence of keratin 
contamination from the operator [53] could also account for unassigned 
peptides. Protease autolysis analysed in silico with MassMatrix [54] and 
Peptide-Mass [48] gave a theoretical fragment of 1110.5500 Da (trypsin 
autolysis) masked, if any, by the assignment of 85E-R93 (1110.5248 Da, 
Table 1) to the peak signal with m/z 1110.5159. With respect to GluC 
autolysis, a peptide with 1501.5422 Da could match m/z 1501.7867 (not 
shown). We detected neither cleavages of trypsin by GluC nor cleavages 
of GluC by trypsin. Besides, peptides can exhibit chemical modifications 
less frequents than Gln deamidation or Met oxidation [55], such as 
cation acquisition (K+ or Na+) by Glu and Thr among others residues 
(MS-Digest), and MS-Bridge listed theoretical peptides compatible with 
disulfide bond scrambling between Cys residues of SAPA and SAPB 
domains, as well as linked SAPA domains of different molecules (not 
shown). 

3.2. Alternative proteolysis of the propeptide SP-BN with thermolysin and 
GluC followed by MALDI-TOF MS 

Fig. 3 illustrates the MS spectrum after thermolysin/GluC digestion 
of the propeptide (Fig. 3A) and the spectrum obtained after incubation 
of the digest with DTT (Fig. 3B). In SAPA domain, the m/z of five peaks 
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(Fig. 3A, red lines) were matched with peptides linked by disulfide 
bonds, and their masses, mass errors and sequences are summarized in 
Table 2. Thermolysin shows broad substrate specificity since it cleaves 
peptidic bonds at the N-terminus of hydrophobic amino acids and its 
maximum catalysis temperature is 70 ◦C, thus working actually at sub-
optimal catalysis conditions. MS-Bridge allowed calculation of the 
theoretical mass of the S–S linked peptides resulting from the digestion 
of the propeptide only with thermolysin. The peptides 30LAC32 and 

43LEQALQCR50 are linked by C32-C49 (1263.6184 Da), and the same 
bond links the peptides 24AWTTSSLAC32 and 46ALQCRA51 (1597.7461 
Da) as shown in Table 2 and Scheme 2. The disulfide bond C32-C49 agrees 
with the one found in the GluC/trypsin digestion named 1–3 (Table 1). 
The bond C40-C55 links the peptides 39WCQS42 and 52LGHCLQEV59 

(1418.6191 Da) in Table 2, and Scheme 2 confirms the assignment in the 
GluC/trypsin digestion to the disulfide bond in Fig. 2, named 2–4 in 
Table 1. The peaks with m/z 1263.5591 and 1418.6799 in Fig. 3A 

Fig. 3. MS spectrum of SP-BN digested with thermolysin and GluC (A) and of the digest treated with DTT (B). 
Lines and numbers (in red) point to the m/z of ions assigned to disulfide bond linked peptides (A). Black lines and numbers point to peptides originated upon DTT 
treatment (B). Two of them show m/z quite similar to peaks in Fig 3A (1186 and 1597) (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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disappeared in Fig. 3B (+DTT) confirming the existence of the disulfide 
bonds 1–3 and 2–4 in the thermolysin/GluC digestion. However, the 
peak with m/z 1597.7354 (Fig. 3A) is maintained with m/z 1597.7561 in 
Fig. 3B (+DTT). The reason may be the appearance of the peptide 

142LCKSRQPEPEQEPG155 (MS-Digest, thermolysin digestion) with mass 
1597.7639 Da upon reduction of C143. We accept the 1–3 bonding at m/z 
1597 and we will come later to this point. 

The search for linked peptides in the SAPB domain required the 

Table 2 
Observed m/z and calculated masses from the propeptide digestion by thermolysin/GluC. 

Colours, bold letters and other details as in Table 1. Observed data are from Fig 3. Peptides assigned to peak 
signals obtained in the presence of DTT were in bold because presumably, they come from the cleavage of 
disulfide bonds. 
a The mass was calculated when the GluC peptide 100C-D117 of the propeptide was digested by MS-Bridge 
with thermolysin. 
b The mass was calculated by MS-Digest when the GluC peptide 123S-E151 was digested with thermolysin. 

Scheme 2. Primary sequence of the propeptide SP-BN digested in silico with thermolysin and GluC, with the peptides assigned to peak signals in the MS spectrum 
Numbers and colours are as in Scheme 1. Inset: Peptides assigned to peaks obtained from the digest treated with DTT. Peptides framed in blue come presumably from 
DTT reduction of disulfide bonds (red dashed lines) between them, proposed by homology with those existing in proteins from the SAPLIP family. Data come from 
Table 2 although the peptides sequence shows no chemical modification of its amino acid residues for easy recognition. 
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theoretical double digestion of the propeptide with thermolysin/GluC 
by MS-Bridge, which is not an option included into the program. 
Therefore, MS-Bridge was used to digest with thermolysin the GluC 
peptide 100CNVLPLKLLMPQCNQVLD117 (2041.0643 Da) obtained pre-
viously by MS-Digest in the GluC digestion of the propeptide. The MS- 
Bridge predicted the peptides 100CNV102 and 109MPQCNQ114 linked by 
the bond C100-C112 with a total mass of 1052.3958 Da. The same run 
yielded the peptides 100CNV102 and 103LPLKLLMP(E)CNQV115 (Q111 was 
deamidated to E111) linked by the same bond with a mass of 1829.9322 
Da (Table 2 and Scheme 2). The bond C100-C112 in both linked peptides 
was confirmed by the disappearance of the corresponding peak signals 
with DTT (Fig. 3B), and agrees with the bond named 7–8 found previ-
ously in the GluC/trypsin digestion (Table 1, Scheme 1). Table 2, besides 
the data concerning the linked peptides, also summarizes data from the 
unlinked peptides in the SAPB domain and in the connecting arm with 
masses calculated according to MS-Digest (thermolysin digestion). The 
MS-Bridge program did not detect more peptides with bonds involving 
the remaining Cys69, Cys72, Cys137 and C143. 

Concerning the peaks from the DTT treated digest spectrum, MS- 
Digest assigned peptide fragments to some of them (Fig. 3B, Table 2), 
such as 65ADDLCQECEDI75 (1253.4660 Da), 124IDYF(E)N(E) 
TDSNGIC137 (1619.6530 Da, with Q128 and Q130 deamidated to E128 and 
E130), 140LGLCKSRQPEPEQEPG155 (1767.8694 Da) and the one 
mentioned above 142LCKSRQPEPEQEPG155 with 1597.7639 Da (Table 2 
and Scheme 2, inset). These peptides corresponded to thermolysin 
theoretical digestion, and the peptide 142LCKSRQPEPE151 (1186.5885 
Da) was found when the GluC peptide 133S-E151 was digested by ther-
molysin according to MS-Digest. Gathering the five described peptide 
ions (Table 2) and depicting them in the Inset (Scheme 2), they seem to 
correspond to the “DTT footprint” of the same peptide ions linked by 
disulfide bonds through C69, C72, C137 and C143 in the absence of DTT. 
That is, these peptide ions would be somehow an indirect evidence of the 
existence of two disulfide bonds in the absence of DTT. Would it be the 
case, thermolysin would have cleaved between C137 and C143 whereas 
GluC would not cleave the target E71 between C69 and C71 as occurred in 
the GluC-trypsin digestion mentioned in 3.1.2. Regarding the bonds 
position, that could correspond to the pairs 5–10 and 6–9 in the SAPB 
domain by homology with those found in proteins of the SAPLIP family 
[7]. The mass of the smaller reconstituted peptide (65A-I75 bound to124I- 
C137 and to 142L-E151) depicted in the inset of Scheme 2 (4057.6919 Da) 
is higher than the upper limit of m/z range in the spectrum (4012, 
Fig. 3A). This fact would justify its absence in the spectrum of Fig. 3A, 
although it could be also possible that the ion with such large mass could 
not fly. Figs. S4 and S5 of the supplementary data show the potential 
cleaved targets in the proteolysis of SAPB and the connecting arm with 
respect to the predicted structures of these domains. 

3.3. Disulfide bond predictions 

Cys disulfide bonding and connectivity between the 4 Cys residues in 
the SAPA domain (24A-V40) was predicted by DISULFIND [24]. The al-
gorithm predicted the bonds C32-C49 and C40-C55 with 0.9774 confi-
dence of connectivity assignment and this prediction is in agreement 
with our results. However, when the propeptide (24A-Q200) holding 10 
cys residues was checked with DISULFIND for S–S prediction, Cys 
residues in SAPA and SAPB domains were forming mutual bonds, 
eliminating the autonomy of the domains. The reason is that chains with 
many disulfide bonds are rare at the Swiss Prot database, making the 
prediction accuracy low for chains having five bridges, because of the 
limited number of available training examples [56]. Other programs 
such as DiANNA [26] or CysPred [27] also predicted disulfide bonds 
interlinking peptides of SAPA and SAPB. The algorithm Dipro [25] 
predicted any number of S–S bonds, and in the propeptide, it predicted 
4 of the 5 possible S–S bonds, with decreasing probability of existence 
for C32-C49 (SAPA, 1–3), C100-C112 (SAPB, 7–8), C40-C55 (SAPA, 2–4) and 
C137-C143 (SAPB, 9–10). Three of the predicted bonds (in red) are 

coincident with our results but not the fourth (in black), which does not 
coincide either with the position of the bonds (the kringle motif) actu-
ally formed in members of the SAPLIP family [7]. 

3.4. Verification of the disulfide bonds in the SAPA domain by MS/MS 

The peptide ions in the MS spectrum with m/z 2136 and 1780 
(precursor ions) identified as containing a disulfide bond in the SAPA 
domain (Table 1 and Scheme 1) were subjected to further MS analysis 
(MS/MS). The ions accelerated upon collision and with increased in-
ternal energy, suffered fragmentation if their energy was greater than 
the critical energy of a chemical bond. The mobile proton model pro-
poses that the proton of the matrix sequestered by the basic N-terminal 
of the precursor ion, displaces itself along the peptide backbone and 
promotes the cleavage of the amide bond at several alternative positions 
[57–59]. This model is mainly applied to low-energy CID and might 
have no great influence in high-energy CID [55] as compared with 
charge remote fragmentation [38]. Apart of the fragmentation mecha-
nism, we expected a profusion of ions as the use of “hot” matrices such as 
CHCA gives rise to high fragmentation, and the standard operating 
conditions employed in routine MS/MS work (1KeV collision energy) 
originates both low- and high-energy fragment ions in the spectra [60]. 
When applying MS/MS, our purpose was not to carry out the classical de 
novo peptide sequencing but to collect enough evidences to confirm the 
identity of the precursor ions, that is, that they actually correspond to 
the disulfide linked peptides of the SAPA domain as proposed in Table 1 
and Scheme 1. 

The Fig. S1 of the supplementary data depicts the usual fragment 
ions obtained upon CID [38]. The b/y series ions originate when an 
amide bond of the peptide backbone is cleaved, remaining the N-ter-
minus of the peptide with the b-type ion and the C-terminus with the y- 
type ion. The a/x series ions result from a cleavage between the 
α‑carbon and the carbonyl group, and in the c/z series ions the frag-
mentation occurs between the α‑carbon and the amino group, according 
with the classical nomenclature [61,62]. Immonium ions (H2N+ =

CHR), iminium ions according to the IUPAC [63], are amino acid residue 
ions lacking their carbonyl groups (− 28 Da), and the internal fragment 
ions originate when the precursor ion suffers multipoint cleavages in its 
peptide backbone. 

3.4.1. MS/MS result of peak signal with m/z 2136 
The presumed precursor ion was formed by peptide 24AWTTSSLA-

CAQGPE37 disulfide linked to 45QALQCR50 (2136.9801 Da, Table 1). 
Programs like MassMatrix [54] consider the amide backbone cleavages 
but not the specific products coming from the disulfide linked bond 
cleavage, and MS2DB does not consider ions with more than one neutral 
loss [64] and internal fragments were not searched [65]. In conse-
quence, we employed the in silico fragmentation by MS-Product sepa-
rately of the peptides composing the precursor ion 2136 and compared 
the lists of product ions with the m/z of peaks in the MS/MS spectrum 
(Fig. S2) 

3.4.1.1. Immonium ions. The peaks with the lowest m/z in Fig. S2 were 
matched to immonium ions of Ala, Ser, Pro, Leu, Gln and Trp residues 
(Ai, Si, Pi, Li, Qi and Wi) and their related ions with neutral losses (Qi- 
NH3 and Ri-NH3). They confirm the existence of the corresponding 
amino acid residues in the precursor ion as their masses are proportional 
to the amino acid residues masses, but do not identify their position in 
the sequence [55], being especially good predictors Pi, Li and Wi among 
other immonium ions [66]. Table 3 summarizes the m/z of the spectrum, 
the calculated mass of the immonium ions by MS-Product [20], the mass 
error (Da) and the intensity >20% of the peak signals. As the Trp residue 
is located by the side of the N-terminus, its immonium ion Wi is less 
abundant than if the residue was in any other position in the sequence, 
and thus, the intensity of the peak is scarce (31%) [67]. The related 
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immonium ion of Arg (Ri-NH3,112 Da) shows 59% intensity against 26% 
showed by Ri (129 Da), because the loss of ammonia gives rise to a stable 
seven-members ring [67]. In contrast, the Gln immonium ion (Qi-NH3, 
84 Da) is weaker (< 20%) than the Gln immonium ion at 101 (Qi, 62%) 
as previously reported [68]. The peak with strong signal (53%) at m/z 70 
is attributed to Pi given its cyclic structure, although a contribution from 
a related ion to Ri is not totally discarded given the ability of Arg to 
stabilize positive charge at varied sites, which originates a collection of 
low-mass fragment ions including one with 70 Da [69]. The absence of 
immonium ions of other residues of the precursor ion (Gly, Thr and Glu) 
in Table 3 does not implies their absence, especially the absence of Ei, an 
immonium ion usually absent since its carboxyl group destabilizes the 
positive ion [69]. Regarding the m/z signal at 110, it does not reach 
100% intensity as expected from the assigned His immonium ion (Hi), 
but only a 28% of the 100% intensity shown by the C-terminus Arg 
residue (Table 6 and Fig. S1). Besides the m/z signal 112 (59%, Ri-NH3) 
is higher than the 110 signal, and in this case, attributing 110 to Hi 
would be a false positive [70]. One possibility would be the assignment 
to m/z 110 of the ion Ri-NH3-2H supposing that Ri-NH3 (112.0875 Da) 
suffers the loss of 2H (110.0719 Da, Δ = 0.0064 Da). This would be a 
doublet of ions with masses separated by 2 Da, a feature common in y- 
type fragment ions when they loss 2H. However, we have not found 
proves of its existence in published MS/MS spectra, and we left the m/z 
signal 110 in Table 3 as “not determined” or unassigned. 

3.4.1.2. Precursor ion and related ions. The high range of m/z values in 
the spectrum (Fig. S2) correspond to the precursor ion with neutral 
losses, usually discarded in de novo sequencing [38]. To us, they are 
useful as they match with peak signals, verifying the goodness of the 
precursor ion assignment. We subtracted to the theoretical mass of the 
linked peptides (2136.9801 Da in Table 1) the mass of neutral losses and 
matched them with the m/z of the peaks by manual annotation. Table 3 

summarizes the observed m/z, the mass of the assigned precursor ions 
with or without neutral losses and the mass errors as well as the mass of 
the side total or partial chain of amino acid residues such as the Arg side 
chain, previously reported in other precursor ion [71]. Sometimes we 
found more than one alternative candidate to match a certain m/z in the 
assignment process. For instance, the m/z 2092.2788 could be assigned 
to the mass of the precursor ion with the loss of a part of the side chain of 
Glu (CO2) with a mass of 2092.9903 Da (Δ = 0.7115 Da), or to the mass 
of the precursor ion with the Thr side chain loss (2091.9461 Da, Δ =
0.3327 Da). The smaller mass error considering the Thr side chain loss 
made us to prefer this option (Table 3), in spite of being quite common 
the decarboxylation process of acidic residues at the C-terminus, as is 
Glu37 in the peptide 24A-E37. A MS3 analysis would discriminate between 
both possibilities in the peak assignment [72] but MS3 analysis is beyond 
the scope of this work. 

3.4.1.3. Series ions of disulfide linked peptides. The definitive evidence 
for identifying the precursor ion by MS/MS is usually the assignment of 
b-type and y-type ions to m/z signals. In our case, the precursor ion is 
composed of two S–S linked peptides, meaning that there are 2 N- 
termini and 2 C-termini. This fact, together with the existence of 55 still 
unassigned peaks of the 72 seen in the spectrum of Fig. S2, evidenced the 
need of a nomenclature to classify the assigned ions. We adapted the 
standard nomenclature (b/y series ions) extending it as follows: the B 
and Y ions refer to ions of the peptide 24AWTTSSLACAQGPE37 disulfide 
linked to the peptide 45QALQCR50, being this last one a sort of appendix 
or a hanging peptide through disulfide bonding, with uncleaved peptide 
backbone. Therefore, the N-terminus of B ions is A24 whereas the C- 
terminus of Y ions is E37, and all ions either B or Y hold C32 in their 
sequence with the hanging peptide 45Q-R50 attached to them (shadowed 
in Fig. 4A, left panel). The B* and Y* ions name thus the ions of the series 
of peptide 45QALQCR50 disulfide linked to 24AWTTSSLACAQGPE37, 
which is now the hanging peptide; the N-terminus of B* ions is Q45 and 
the C-terminus of Y* ions is R50. All ions either B* or Y* have C49 in their 
sequence with the hanging peptide 24A-E37attached to them with its 
backbone uncleaved (shadowed in Fig. 4A, right panel). The masses of 
the series linked ions were the sum of the mass that MS-Product calcu-
lates for the unlinked series ion as (M + H)+ with reduced Cys (y- or b- 
type) and the mass of the hanging peptide also as (M + H)+ and reduced 
Cys. Then, the mass of 3H (3.0234 Da) was subtracted, 2 of them on 
account of the disulfide bond formation and the third one to eliminate 
the exceeding proton of the heteropeptide. In addition, we subtracted 
the mass of their presumed neutral losses to match them with the still 
unassigned m/z in Fig. S2. In Fig. 4A, the capital letters name the ions 
formed by the disulfide linked peptides whereas the lowercase letters 
name the ions lacking Cys residue, thus unlinked. Obviously, the com-
ponents of the linked series ions must have one of them with capital 
letter (with Cys linked to the hanging peptide) and the other with 
lowercase letter lacking Cys residue. 

Table 4 summarizes the data of the assigned series ions while their 
sequences are in Fig. 4A; in this Figure solid lines mark the sequences of 
ions whose peptide backbones are complementary to form the precursor 
ion backbone. In change, their masses can be also complementary to 
give the mass of the precursor ion plus 1 Da (B12/y2, left panel) or they 
are not complementary due to the loss of all, or of a part of the side chain 
of their amino acid residues (satellite ions), as is b3/Y11 (left panel) and 
Table 4. We considered both pair of ions as “canonical” disregarding 
their neutral losses. Solid fronted to dashed lines depict the sequences of 
ions whose backbones are not complementary since they belong to 
different series ions, thus generating discontinuity in the backbone, as is 
the pair A11/y3 in the left panel (A11 is B11 with the loss of CO). In the 
right panel of Fig. 4A, we see the pair b4*/Y2* (solid lines) where b4* is a 
satellite ion since it has lost NH3. In the pair a1*/X5* (solid lines), a1* is 
the immonium ion of Gln (Qi in Table 3), as the instability of b1* ion (Q) 
causes the exothermic elimination of CO and the formation of the 

Table 3 
Immonium ions of the amino acids in the sequence of the precursor ion 
24AWTTSSLACAQGPE37 linked to 45QALQCR50 by disulfide bond, and the pre-
cursor ion with or without neutral losses.  

Intensity 
(%) 

Observed 
m/z 

Calculated 
(Da) 

Δ 
(Da) 

Immonium and related ions  

44.0629 44.0500 0.0129 Ai  
60.0606 60.0449 0.0157 Si 

53 70.0715 70.0656 0.0059 Pi  
84.0799 84.0449 0.0350 Qi -NH3 

68 86.1020 86.0969 0.0051 Li 
62 101.0751 101.0715 0.0036 Qi 
28 110.0783 NDa   

59 112.0811 112.0875 0.0064 Ri -NH3 

26 129.1031 129.1140 0.0109 Ri 
31 159.1024 159.0922 0.0102 Wi  

Intensity 
(%) 

Observed 
m/z 

Calculated 
(Da) 

Δ 
(Da) 

Neutral losses of precursor ion  

2136.8459 2136.9801 0.1342 –  
2092.2788 2091.9461 0.3327 -sch Tb  

2080.3418 2079.9097 0.4321 -sch Lc 

30 2071.3887 2071.9082 0.5201 -2NH3 -sch Sd  

2050.3496 2049.8992 0.4504 -sch L -part sch Se  

2020.3265 2019.9012 0.4253 -NH3 -sch Rf 

The intensity of the low m/z peaks is relative to 100% intensity of Arg residue (R, 
C-terminal residue in Table 6). Intensity values ≤20% are not shown. Mass of 
NH3 is 17.0265 Da. 

a ND is not determined or unassigned. 
b side chain T is C2H5O (45.0340 Da). 
c side chain L is C4H9 (57.0704 Da). 
d side chain S is CH3O (31.0183 Da). 
e partial side chain S is CH2O (30.0105 Da, presumably formaldehyde). 
f side chain R is C4H10N3 (100.0875 Da). 
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corresponding immonium ion [73]. We could attribute most of the Qi 
source to the residue Q45 of the peptide 45QALQCR50 since immonium 
ions are abundant when obtained from residues located at the N-ter-
minus, in contrast to their presence when the same residues are located 
in other positions [69]. We also see in Fig. 4A and Table 4 that the 
number of linked y-type and of related series ions (7 ions, Y, Y* and X*) 
more than triplicates the number of b-type and of related series ions (B 
and A). It is frequent that Gly residue displays abundant y-type frag-
ments, as well as Arg residue, being the tryptic peptides rich in y-type 
ions [74]. Regarding the ions abundance, Y5* (no neutral loss) was the 
most represented (19% intensity of the peak) whereas the remaining 
ions corresponded to peaks varying 5–13% intensity (see Fig. S2). 

3.4.1.4. Internal fragment ions from disulfide linked peptides. The internal 
fragment ions are named “parasite ions” [75] or “forgotten fragment 
ions” [76] and are seldom studied because they are of few use for de novo 
peptide sequencing and their abundance and the unpredictability of the 
cleavages makes difficult the programming task. They form through one 
initial cleavage in the backbone of the precursor ion, and the resulting y- 
type, and mainly the b-type ions, suffer a second fragmentation after 
absorbing more energy [77]. Moreover, additional cleavages in internal 
ions may follow, decreasing their size and increasing their number. We 
assigned by hand disulfide linked internal ions with or without neutral 

losses to 14 m/z signals (Table 5 and Fig. 4B). The peptides composing 
the internal fragments linked by C32 and C49 are depicted in Table 5 
(S–S bond not depicted). We considered the loss of CO or the addition of 
26 Da in Table 5 as neutral losses or gains of the linked peptides not 
affecting their amino acid side chain but their peptide backbones. For 
the sake of clarity, we grouped the internal fragment ions in those 
lacking the C-terminus (R50) of the peptide 45QALQCR50 (Fig. 4B left 
panel) and those holding it (Fig. 4B, right panel). We see that prefer-
ential cleavages have occurred in the vicinity of Trp residue (W25) and 
near the N-terminal positions of Pro residue (P36), as occurred in the 
series ions of Fig. 4A (left panel). These preferential cleavages are due to 
the strong effect that Pro and Trp have on the amide bond cleavage, 
when they are near the breakdown site [77]. Clearly, the fragmentation 
hot spot is the amide bond 49C-R50 (lines 1–9) cleaved to originate 9 
different internal ions followed by 24A-W25, 45Q-A46 and 47L-Q48 which 
originated 3 different ions each one (Fig. 4B). The number of cleavages 
necessary to generate the internal linked ions oscillates between two (2 
ions, lines 7 and 9), three (6 ions, lines 8 and 10–14) and four cleavages 
(6 ions, lines 1–6), being thus prevalent three and four cleavages (85%). 
However, considering the abundance of the internal ions, that is, the 
intensities of the assigned peaks, we see that 38% and 36% (Fig. S2) 
correspond to peptides in lines 10 and 9 in Table 5. These ions have 
suffered 3 cleavages and their abundance seems more dependent on Trp 

Fig. 4. Product ions assigned to the m/z of peaks 
obtained by MS/MS of the precursor ion with m/z 
2136 are from the MS data of the GluC/trypsin digest. 
A) Fragment series ions B/Y and B*/Y*of the pre-
cursor ion 24AWTTSSLACAQGPE37 disulfide linked to 
45QALQCR50. The B/Y and related series ions (left 
panel) have 45Q-R50 as hanging peptide (shadowed, 
backbone uncleaved). B*/Y* and related series ions 
(right panel) have 24A-E37 as hanging peptide (shad-
owed, backbone uncleaved). Solid lines indicate 
continuity in the backbone of peptides regarding the 
precursor ion backbone, with or without neutral los-
ses. Solid and dashed lines indicate discontinuity in 
the backbone of the peptides regarding the precursor 
ion backbone. B) Internal fragment ions lacking the 
C-terminus R50 (lines 1-9, left panel) or lacking the C- 
terminus E37 (lines 10-14, right panel). C) Fragment 
series ions and internal fragment ions of unlinked 
peptides: b/y and internal fragment ions come from 
the peptide ion 24A-E37 (left panel), and b*/y* and 
internal fragment ions come from peptide ion 45Q-R50 

(right panel). Data of ions in Fig 4A are summarized 
in Table 4, data of Fig 4B in Table 5 and data of Fig 
4C in Table 6.   
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and Pro residues promoting cleavages in their proximity to the break-
down points, than on the number of cleavages in the amide bonds in 
their backbone. 

Among the different internal disulfide linked peptides ions in 
Table 5, there is a predominance of the amino acylium (9 ions) over the 
amino immonium ions (-CO, 5 ions), belonging the most abundant ions 
mentioned above to amino immonium ions (lines 9 and 10). We must 
remark that CO is not lost from y-type ions as QCR but from internal ions 
as SSLAC (line 10) or from b-type ion as QALQC in line 9. 

3.4.1.5. Fragment series ions and internal fragment ions of the unlinked 
peptides. Table 6 summarizes the masses, errors and neutral losses of 
ions generated from the peptides 24AWTTSSLACAQGPE37 (Fig. 4C, left 
panel) and 45QALQCR50 (Fig. 4C, right panel) when the disulfide bond 
was cleaved upon CID. The symmetrical cleavage of the S–S bond left 
one reduced Cys and the other as Cys thioaldehyde as it loses 2H (− 2 
Da). The asymmetrical S–S breakdown left Cys persulfide when sulfur 
atom (S, +32 Da) is taken and dehydroalanine appears after the loss of S 
and 2H (− 34 Da) [78]. Table 6 includes 13 different ions coming from 
the cleavage of disulfide bonds and belonging to one of the mentioned 
Cys states. Four of these ions come from 24A-E37 after symmetrical 
cleavage of the S–S bond (lines 14 and 16, y7 and x12), and the 
remaining 5 ions come from an asymmetrical cleavage of the bond (lines 
5, 7–9, and x7). Regarding the ions abundance, peptide ions in lines 7–9 
assigned to peak signals with 60, 63 and 73% intensity respectively, 
indicate that the asymmetrical cleavage predominates quantitatively. 
This result agrees with previous observations pointing to the asymmet-
rical cleavage being favoured during fragmentation [71]. Curiously, the 
three ions have the sequence 28SSLACAQG35 originated from a cleavage 
at the N-terminal of P36, and make us think whether the Pro residue, in 
addition to direct amide cleavages, may influence the asymmetrical 
cleavage the S–S bond. Only the abundant ion (line 14, 56% intensity) 
comes from symmetrical cleavage (Table 6). We discarded to count the 
ions coming from the peptide 45Q-R50 considering dehydroalanine 
(y3*and y3*-NH3) and Cys (z þ 12* and y5*). Posibly, most of them were 
part of the original linked internal ions, which once unlinked, have 
suffered ulterior amide cleavages and neutral losses changing their 
abundance with regard to one of their counterpart ion. Were this the 
case, we cannot count twice the cleavage of the same molecule. 

Internal unlinked fragments come only from the peptide 24A-E37 

(lines 1–16) in Fig. 4C, left panel. The hot spots are less striking than 
seen in linked internal peptides in Fig. 4B, being 31A-C32 and 34Q-G35 

amide bonds cleaved to yield 4 different ions each one. 
We employ b and y for naming the ions of the unlinked peptide 24A- 

E37 disregarding if they have one, two or no sulfur atoms upon cleavage 
of the former disulfide bond, and of course, for naming the ions lacking 

Table 4 
B/Y, B*/Y* and related series ions from the precursor ion 24AWTTSSLA-
CAQGPE37 linked by disulfide bond to 45QALQCR50.  

Observed 
m/z 

Calculated 
(Da) 

Δ 
(Da) 

B/Y series ions and 
related 

Neutral losses 

1892.7974 1892.8737 0.0763 B12 – 
1790.0059 1789.8469 0.1590 A11 -H2O 
341.1820 341.1608 0.0212 b3 -H2O 
245.0847 245.1132 0.0285 y2 – 
302.1119 302.1347 0.0228 y3 – 
1778.8610 1778.8156 0.0454 Y11 – 
1761.7667 1761.7890 0.0223 Y11 -NH3 

1678.6387 1678.7281 0.0894 Y11 -sch R  

Observed 
m/z 

Calculated 
(Da) 

Δ 
(Da) 

B*/Y* series ions Neutral losses 

424.1828 424.2119 0.0363 b4*  
1681.7690 1681.7179 0.0511 Y2* -sch Aa 

2009.1558 2008.9211 0.2347 Y5* – 
1991.9624 1991.8946 0.0678 Y5* -NH3 

1987.9070 1987.8634 0.0436 X5* -NH3 -part sch 
S 

Data correspond to Fig. 4A.The B/Y and related series ions originate through one 
cleavage of the peptide backbone24A-E37 disulfide linked to the uncleaved 
hanging peptide45Q-R.50 In the B*/Y* series ions, the peptide45Q-R50 is the 
cleaved one and the hanging peptide is24A-E.37 Masses of NH3, sch R and part sch 
S are as in Table 3. The mass of H2O is 18.0105 Da. 

a side chain A is CH3 (15.0234 Da). 

Table 5 
Internal fragment ions originated upon CID from the precursor ion 24AWTTSSLACAQGPE37 and 
45QALQCR50 linked by disulfide bond. 

Data of observed, calculated masses and mass error of internal disulfide linked peptides. The sequences 
of the internal fragment ions are depicted in Fig. 4B and they come from the precursor ion through two 
or more cleavages in one (24A-E37) and/or the other peptide (45Q-R50) backbones. Disulfide bonds be-
tween C32 and C49 are not depicted. CO is lost from b-type or internal ions and + 26 Da affects to y-type 
ions of any of the peptides. Masses of NH3 and sch L are as in Table 3 and mass of H2O as in Table 4. Mass 
of CO is 27.9949 Da. 
a side chain W is C9H8N (130.0657 Da). 
b +26 Da is 25.9798 Da (+CO-2H) as CR is an x-type ion. H is hydrogen (1.0078 Da) and bold is to 
differentiate it from H (His residue). 
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Cys residues. We observe in Fig. 4C, left panel, that there were no b-type 
ions, which may be due either to the lack of charge or to their disap-
pearance due to additional cleavages in their backbone to give abundant 
internal fragment ions, mainly in the middle and the N-terminus of the 
peptide. This result agrees with published results pointing to the struc-
tural instability of b-type ions as the cause of their low survival upon 
additional activation, as they suffer fragmentation in immonium ions, 
smaller b-type ions and internal fragment ions [74]. Residues strongly 
promoting amide bond cleavage such as Trp and Pro, must have also 
influenced additional cleavages that made the b-type ions absent giving 
a profusion of internal ions. Table 6 also includes two doublets of ions 
separated by 2H loss (172 with 170 and 442 with 440). We discarded 
that the ion 185 (TT-H2O) is forming a doublet with ion 183 (TT-H2O- 
2H) since the mass error of TT-H2O-2H would be higher than the mass 
error of its actual assignment in Table 6: SL-H2O. Regarding the di-
peptides in Fig. 4C (left panel) and Table 6, their sequences (except TT- 
H2O) hold at least one residue giving the corresponding immonium ion 
according to previous results [69]. The presence of the ion z1 (E) is 
remarkable because it means that there was a cleavage in 36PE37 at the 
C-terminal site of Pro, which is seldom seen [55]. 

The right panel of Fig. 4C depicts the series of ions b*/y* (and related 
series) originated through the fragmentation of the unlinked peptide 
45QALQCR50. We notice the lack of internal fragment ions, with the 

small size of 45QALQCR50 likely being the cause, as the internal ions 
increase very much with the molecular mass of the proceeding ion [79]. 
The presence of a unique b-type ion (b3*) agrees with the general rule 
pointing to y-type ions as prevalent over b-type ions [74]. 

3.4.1.6. General comments to results of product ions from peak with m/z 
2136. Some of the fragment ions assigned to 71 peak signals (one was 
unassigned in Table 3) showed neutral losses. We left apart the loss of 
CO that amino acid residues suffer at their immonium ions as well as the 
changes in mass originated by the cleavage of the S–S bond, and ana-
lysed the neutral losses of the assigned ions. The loss of ammonia is 
mainly displayed by the y-type and related ions (Tables 4 and 6), plus 
the y-type ions forming part of internal linked ions (lines 10, 12 and 13 
in Table 5). They were followed by the internal ions, either linked with 
both ions being internal (lines 2, 4 and 5 in Table 5), or unlinked ions 
(lines 7 and 16 of Table 6). No b-type ion displayed loss of ammonia. 
This agree with the observation that, in general, ammonia was a loss of 
y-type ions [74]. The loss of water affected twice to y-type ions (y3* and 
y5* in Table 6), and twice to b-type or related ions (b11 and A11 in 
Table 4). It affected preferentially to internal ions, either linked (lines 4 
and 5 in Table 5) or unlinked (lines 1, 2, 6, 10–12 and 15 in Table 6), 
those last coming probably from amide cleavages on the former back-
bones of high mass b-type ions. The water loss has found to be 

Table 6 
Internal fragment ions and series ions of the unlinked peptides 24AWTTSSLACAQGPE37 and 45QALQCR50.  

Line Observed 
m/z 

Calculated 
(Da) 

Δ 
(Da) 

Internal and series ions from peptide 24A-E37 Neutral losses and gains 

1 185.0791 185.0921 0.0130 TT -H2O 
2 183.1240 183.1128 0.0112 SL -H2O 
3 172.1175 172.1081 0.0091 AQ -CO 
4 170.1246 170.0925 0.0321 AQ -CO -2Ha 

5 179.6888 179.0307 0.6581 AC -CO +32 Dab 

6 226.1308 226.1551 0.0243 SLA -CO -H2O 
7 667.2927 667.3047 0.0120 SSLACAQG -NH3–34 Dac 

8 750.2810 750.2909 0.0099 SSLACAQG +32 Da 
9 684.3328 684.3313 0.0015 SSLACAQG − 34 Da 
10 308.1870 308.1485 0.0385 TSSL -2H2O -sch T 
11 442.2254 442.2296 0.0042 TSSLA -H2O 
12 440.2367 440.2140 0.0227 TSSLA -H2O -2Hd 

13 561.2307 561.2879 0.0572 TTSSLA – 
14 733.2515 733.3186 0.0671 TTSSLACA -2 Dae 

15 545.2086 545.2354 0.0268 WTTSS -H2O 
16 1030.4489 1030.4299 0.0190 WTTSSLACAQ -NH3–2 Da 
z1 132.0937 132.0417 0.0520 E – 
x2 271.1537 271.0925 0.0612 PE – 
z4 414.1163 414.1745 0.0582 QGPE – 
y5 484.2340 484.2038 0.0302 AQGPE -NH3 

y7 657.3249 657.2661 0.0628 ACAQGPE -H2O 
x7 649.3205 649.2578 0.0627 ACAQGPE -H2O − 34 Da 
x12 1190.5278 1190.4994 0.0284 SSLACAQGPE –  

Line Observed 
m/z 

Calculated 
(Da) 

Δ 
(Da) 

Series ions of the peptide 45Q-R50 Neutral losses 

b3* 313.1682 313.1870 0.0188 QAL – 
y1* 175.1065 175.1190 0.0125 R – 
z þ 12* 263.1062 263.1172 0.0110 CR – 
y3* 372.1501 372.1991 0.0490 QCR -34 Da 
y3* 355.1651 355.1726 0.0075 QCR -NH3–34 Da 
y5* 573.3005 573.2813 0.0192 ALQCR -NH3 

Data in Table 6 correspond to Fig. 4C. Under CID the parent ion suffered the cleavage of the disulfide bond giving rise to internal fragment ions of both peptides and to 
series b/y from24A-E37 and b*/y* from45Q-R.50 Masses of NH3 and sch T are as in Table 3. Mass of H2O is as in Table 4 and mass of CO as in Table 5. 
The remaining Cys residues in y7, x12, z þ 12* and y5* are reduced. 

a 2H is 2.0156 Da, a loss common of y-type ions or internal derived from y-type ions. In this case, it is the difference between m/z 172.1175 and 170.1246, a doublet 
of ions. 

b +32 Da comes from the addition of sulfur (S, 31.9720 Da) to Cys residue which becomes Cys persulfide. Bold is to differentiate it from Ser residue (S). Underline 
refers to the state of the Cys residue in peptides after disulfide bond cleavage upon CID. 

c -34 Da refers to the loss of S and 2H (33.9876 Da) from Cys residue which becomes dehydroalanine. 
d 2H is the difference between m/z 442.2254 and 440.2367, a doublet of ions. 
e -2 Da refers to the loss of 2 hydrogen atoms (2.0156 Da) from Cys residue which becomes Cys thioaldehyde. 
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characteristic of b-type ions [67]. The preferential neutral losses and the 
different ions holding them are: NH3 (20) > H2O (15) > CO (9) > 2H (2) 
whereas the loss of the whole side chains or part of them, others than 
NH3 or H2O is as follows: sch L (3) > sch R (2) = sch T (2) > sch S (1) =
sch W (1) = part sch S (1). The neutral losses have been related either 
with the presence of Pro, an internal basic residue or Leu at the N-ter-
minal side of amide bonds [80] 

Globalizing the data of Tables 4 to 6 and seen in Fig. 4, there are 14 
ions with a C-terminus: y-type (or related x- and z-type) from the un-
linked peptides in Fig. 4C and Fig. 4A (left panel) whereas the internal 
unlinked ions in Fig. 4C are 16. Thus, 1.14 is the ratio internal/y-type 
(and related) ions. Considering only the disulfide linked peptide ions, 
the ratio of internal/y-type increased to 2 (Fig. 4B and Fig. 4A), indi-
cating that internal ions predominate still more over y-type ions when 
linked. Disregarding the character linked or unlinked of the peptide ions, 
the global ratio internal/y-type ion is 1.42, in agreement with the pre-
dominating internal ions over y-type ions found after analysing 2459 
MS/MS spectra of not linked peptides [77]. If we consider all the internal 
ions linked and not (30) and the terminal ions linked and not: b-type 
(and related) plus y-type (and related) ions (27), the terminal ions are 
47.3% of the internal plus terminal ions (57). This result approaches the 
obtained in the statistical analysis of ions from intact proteins in top- 
down proteomics, where terminal ions are, at least, 50% of the inter-
nal plus terminal ions, regardless of the peptide size [79]. Also they 
agree with the found in ubiquitin top-down fragmentation where almost 
half of the ions were internal fragments [81]. Another observation is that 
y-type linked ions are more than twice the b-type ions (7 vs 2) whereas 
when unlinked, they are more than thrice (14 vs 4). 

3.4.2. MS/MS of peak signal with m/z 1780 
The first question to assign the peaks of the MS/MS spectrum in 

Fig. S3 is whether the disulfide linked peptides 38F-E44 and51A-E58 

assigned to the 1780 signal have still the modifications either seen in 
Table 1 (Gln deamidation) or discussed in 3.1.1. (1 incorrect Mono 1 
Da). They are relevant in order to obtain the correct theoretical values 
from MS-Product. We began to work with the hypothesis that the pre-
cursor ion in MS/MS lacked modifications since the signal at 1780 was 
originated from a different sample of the same proteolytic digest by a 
time-selector. In this context, the deamidation process could not affect 
all the sample molecules of the digest with 1780 Da, and the probability 
of choosing twice the wrong isotope would be very small. Therefore, we 
considered the linked peptides 38F-E44 and51A-E58 free of modifications, 
and they were digested separately in silico (MS-Product) obtaining two 
lists of reduced monoisotopic (M + H)+ product ions. These ions were 
compared by hand with the m/z in the MS/MS spectrum (Fig. S3 of 
supplementary data). 

3.4.2.1. Immonium, amino acid residues and related ions. Precursor ion 
with neutral losses. Table 7 summarizes the m/z of the peaks, the masses 
of immonium and related ions from amino acid residues of the precursor 
ion with or without neutral losses assigned to peak signals, and the mass 
errors. The most intense signal (100%) corresponded to m/z 110, 
assigned clearly to Hi, followed by the signals assigned to Li (80%) and 
Qi (22%) whereas the peaks with intensity <20% were assigned to Si 
and Fi, the immonium ion of Phe, indicating that these amino acid 
residues were in the precursor ion. In fact, Fi, Li and Hi are considered 
very reliable to identify amino acid residues in the sequences [66]. The 
quite intensive signal (73%) with m/z 70 should correspond to Pi, but in 
the propeptide sequence (Scheme 1), no Pro residue is near to one of the 
4 His residues giving a peptide ion with 1780 Da. Thus, Pro residue must 
be a false positive if the precursor ion is the one we propose. In fact, a 
peak with m/z 70 only correlates with the existence of Pro in 45% of the 
cases when 228 spectra of databases were analysed [69]. There is more 
than one ion candidate for being assigned to m/z 70, and the assignment 
is difficult because Ser residue ion minus H2O (C3H4NO, 70.0292 Da, Δ 

= 0.0386 Da) in Table 7 shows the same formula, mass and mass error 
than Gln residue ion (C5H9N2O2) minus part of its side chain (C2H5NO, 
59.0371 Da). A similar scenario arrives with the m/z 72 signal, assigned 
often to the immonium ion of Val (Vi), although Vi is not easy to see in 
spectra [67]. Therefore the assignment was to the Ala residue ion 
(C3H6NO, 72.0449 Da, Δ = 0.0427 Da) in Table 7, that is, the b1-ion 
although it is seldom seen [73]. Other possibility of ion assignment to 
the signal 72 is the Leu residue ion minus a part of its side chain (C3H8, 
44.0625 Da) [69] with exactly the same formula, mass and mass error 
than shown by the Ala residue. 

Regarding the related precursor ions in Table 7, they show the 
common neutral losses of the amino acid residues side chains such as 
NH3 and H2O and all of other parts of the side chains and they have a 
mass ≤ 68 Da under the mass of the precursor ion (1779.9829 Da un-
modified according to MS-Bridge). With regard to the ion assigned to the 
peak signal 1738.0037, it could be the precursor ion minus a part of Leu 
side chain (C3H6), since a loss of 42 Da below the ion mass has been 
reported for a- or z-type ions [82]. 

3.4.2.2. Series ions. Table 8 summarizes the data relative to B, Y, B*, Y* 
and related ions depicted in Fig. 5A using the same nomenclature 
employed in Fig. 4 and Table 4. That is, B and Y refer to ions of the 
peptide 38F-E44 with C40 linked to C55 belonging to the hanging pepti-
de51A-E,58 and B* and Y* refer to ions of the peptide51A-E58 linked by 
C55 to C40 belonging to the hanging peptide 38F-E.44 The series ions are 
formed by an ion linked to the hanging one (capital letter) and an ion 
lacking Cys residue (lowercase letter). In Fig. 5A left panel, there are no 
canonical series ions, as both pair a1/Y6 and C5/z þ 32 (solid and 
dashed lines) do not complement the peptide backbone. The ion a1 is the 
immonium ion of Phe (Fi) and its characteristics are in Table 7. In 
Fig. 5A, right panel, there are 4 pairs of ions belonging to series ions 
(solid lines). The remaining pair of ions B7*/y1* (solid and dashed line) 
does not belong to canonical series ion in spite of looking like it. The 
reason is that B7* (Q57) has gained a molecule of H2O upon the loss of 
the C-terminal residue (E58) of the peptide 51A-E58, acquiring then Q57 

the character of the new C-terminal, and holding both ions B7* and y1* a 
carboxyl group. The ion Bn-1 + H2O, is formed through a rearrangement 

Table 7 
Immonium ions of 38FWCQSLE44 linked to 51ALGHCLQE58 by disulfide bond and 
the precursor ion with neutral losses.  

Intensity 
(%) 

Observed 
m/z 

Calculated 
(Da) 

Δ 
(Da) 

Immonium ions and amino acid 
residues  

22.9945 NDa    

60.0562 60.0449 0.0113 Si 
73 70.0678 70.0292 0.0393 S -H2O  

72.0876 72.0449 0.0427 Ab 

80 86.0975 86.0969 0.0060 Li 
22 101.0780 101.0715 0.0065 Qi 
100 110.0716 110.0718 0.0020 Hi  

120.0867 120.0813 0.0054 Fi 
26 112.0897 112.0394 0.0503 Q -NH3 

29 129.1033 129.0659 0.0374 Q  

Intensity 
(%) 

Observed 
m/z 

Calculated 
(Da) 

Δ 
(Da) 

Neutral losses and gains of the 
precursor ion  

1711.1746 1711.7120 0.5374 -2H2O -NH3 -sch A  
1714.1700 1713.7276 0.4434 -H2O -NH3 -sch S 

25 1716.1780 1715.7194 0.4596 -2NH3 -part sch S  
1722.1688 1722.7125 0.5437 -sch L  
1738.0037 1737.9031 0.1016 -part1 sch Lc 

The intensity of the low m/z peaks is relative to 100% intensity of His immonium 
ion (Hi). Masses of NH3, sch S, partial sch S and sch L are as in Table 3. Masses of 
H2O and sch A are as in Table 4. 

a ND is not determined or unassigned. 
b A is Ala residue ion (72.0449 Da). 
c partial1 side chain L is C3H6 (42.0789 Da). 
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reaction needing three conditions to occur: the precursor ion must be 
monocharged, the ion sequence must hold a basic residue promoting 
charge retention at the N-terminus, and the C-terminus must hold a 
carboxylic acid [38,74,75]. The peptide 51A-E58 accomplishes the req-
uisites, being His54 the basic residue needed and holding E58 the 
carboxyl group. Regarding the y-type ions abundance (or of related se-
ries ions), the peak signal assigned to y3* (LQE -CO2) shows 77% in-
tensity followed by 51% assigned to z þ 32 (LE –schE) and 17% to the 
linked peptide Y6, being the intensities of peaks assigned to the 
remaining y-type ions <13% (Fig. S3). Only a b-type ion (or of related 
series ions) assigned to a peak signal showed moderate intensity, as is 
b2* (AL, 19%). These results agree with published data pointing to the 
prevalent abundance of y-type ions over the b-type ions [74], with the 
exception of the b2 ion which is generally very stable and is well rep-
resented in the MS/MS spectra [66]. 

3.4.2.3. Internal fragment ions of disulfide linked peptides. We identified 
14 internal fragment ions of the disulfide linked peptides distributed in 
two panels with the purpose of visualizing the sites of cleavages in the 
precursor ion peptide backbone (Fig. 5B). The corresponding data are in 
Table 9. The cleavages occurred mainly around Trp, His and Glu resi-
dues. In the left panel of Fig. 5B, we see that lines 2–6 correspond to 
different linked ions having in common the release of the dipeptide y2- 
type (QE) which shows in general peak intensities of above 30% (rep-
resented also in in Fig. 5A, right panel, and in Table 8 and in Fig. 5C 
(right panel) and in Table 10. Considering both panels in Fig. 5B, the y1- 
type (E) was released in 7 different ions (lines 5–9, 11 and 14) and is 
represented in Fig. 5A (right panel) and in Table 8, but is less abundant 
because its peak intensity is lower. There is no clear hot spot among 
amid bonds, although we note that 38F–W39, 51A-L52, 55C-L56 and 56L- 
Q57 bonds, when cleaved, originate 5 different internal ions each one. 
We observe in Fig. 5B that half of the internal linked ions have been 
generated by 3 cleavages in the precursor ion backbone (7 ions, lines 3, 

4, 6, 9 and 12–14) followed by 4 cleavages (4 ions, lines 1, 2, 7 and 8) 
and by 2 cleavages (3 ions, lines 5, 10 and 11). These results are quite 
comparable to the obtained in Fig. 4B, being a three-cleavage process 
the qualitative responsible of half the cases of fragmentation to give 
internal ions. Regarding the abundance of the linked ions, the ion 
CQESLE linked to LGHC is the most abundant (line 12, 19%), and is 
composed of a y-type ion linked to an internal ion. The remaining linked 
ions are less abundant with peak signals below 13%. Thus, qualitatively 
and quantitatively predominates the ions originated through 3 cleavages 
in the precursor ion sequence. 

In Table 9, among the different internal linked peptides ions pre-
dominate the amino acylium (10 ions) over the amino immonium ions 
(-CO, 4 ions), a result similar to the found in the 3.4.1.4 section, except 
that now, the most abundant internal linked ions are the amino acylium 
ions (line 12, 19% intensity and line 5, 12%). On the other hand, CO can 
only be lost from the internal ions, or from the b-type ions, both 
belonging to the linked peptides, being now transformed the b- into a- 
type ion (lines 4 and 10). Moreover, the addition of 26 Da to an internal 
linked ion implies the transformation of their y- in x-type ions (lines 8 
and 10 in Table 9). 

3.4.2.4. Fragment series ions and internal fragment ions of the unlinked 
peptides. After the cleavage of the disulfide bond linking the peptides 
38F-E44 and 51A-E58, the product fragment ions were internal, b- and y- 
type, and related ions belonging to b/y, b*/y* and related series ions. 
The nomenclature is as in 3.4.1.5, and the mass data relative to the ions 
are summarized in Table 10 and Fig. 5C. Among the different peptide 
ions (30) shown in Table 10, 14 of them proceeding from the disulfide 
bond cleavage, still conserve Cys residue in its different states. The 
symmetrical cleavage predominates as is shown by 8 different ions, 5 of 
them coming from 38F-E44 (lines 5–7, a5 and y5) and 3 ions with reduced 
Cys from51A-E58, to choose between line 1*, line 3*, b5*, b7* and y4*- 
H2O, since only two of the five ions may have its counterpart in 38F-E44 

(− 2 Da, lines 6 and 7). The asymmetrical cleavage is represented twice 
(a4 and line 8 from 38F-E44). The highest intensity peak correspond to 
thioaldehide (23%, line 6), being symmetrical cleavage prevalent not 
only qualitatively but also quantitatively. This result differs from the 
obtained in 3.4.1.5, being the cause the influence of the different ions 
promoting cleavages (His instead of Pro, Trp is common) the shorter 
peptides length or none of them. 

We observe 8 internal different fragments ions in Fig. 5C (lines 1–8, 
left panel) and 2 more lines in the right panel (lines 9 and 10) with peak 
intensities under 23%. Regarding b-type and related ions, there are 6 
different ions with intensities under 16%. The 13 y-type and related ions 
gather the most abundant ions (z4, 48% intensity) followed by y2*-part2 
sch E (35%), y2*-NH3-part1 sch E (30%) and y4 (28%), pointing to y- 
type and related ions predominating qualitative and quantitatively over 
b-type and related ions as published [74]. 

Table 10 shows a profusion of dipeptides formed by, at least, a res-
idue giving Immonium ions as was seen previously [69], and with two of 
them forming a doublet (lines 1 and 2). No striking hot spot was detected 
cleaved to generate internal unlinked ions, although 40C-Q41 and 43L-E44 

cleavages produced 4 ions each one. 

3.4.2.5. General comments to results of product ions of peak with m/z 
1780. We analysed the neutral losses that show some of the 75 ions of 
the spectrum in Fig. S3 employing the same criteria used in 3.4.1.6. The 
loss of ammonia affected mainly y-type and related ions (9) and internal 
ions either linked or unlinked (10), whereas the loss of water affected 
the same kind of ions in 10 and 9 respectively and b-type ions (2). The 
preferential neutral loss and the different ions displaying it, is as follows: 
NH3 (24) > H2O (19) > CO (8) > 2H (3) > CO2 (2). The loss of the whole 
side chains or part of them, others than NH3 or H2O is: sch L (3) = part 
sch S (3) = part1 sch L (2) = part1 sch E, being the rest of side chain 
amino acid losses represented by just one ion. 

Table 8 
B/Y, B*/Y* and related series ions from the disulfide linked pepti-
des38FWCQSLE44 and51ALGHCLQE.58  

Observed 
m/z 

Calculated 
(Da) 

Δ 
(Da) 

B/Y and related series 
ions 

Neutral losses or 
gains 

1632.8289 1632.7140 0.1149 Y6 – 
1478.5323 1478.5935 0.0612 C-15 -sch L 
175.1044 175.1114 0.0070 z þ 32 -sch Ea  

Observed 
m/z 

Calculated 
(Da) 

Δ 
(Da) 

B*/Y* and related 
series ions 

Neutral losses 

1650.9072 1650.7398 0.1674 B7* +H2Ob 

1608.7618 1608.6600 0.1018 B7* +H2O -part1 sch L 
1504.6343 1504.6707 0.0364 B6* – 
1391.5388 1391.5866 0.0478 B5* – 
1330.4138 1330.5214 0.1076 B5* -H2O -part2 sch Lc 

185.1281 185.1285 0.0004 b2* – 
1656.8843 1656.6818 0.2025 Y7* -H2O -2NH3 

1735.1671 1734.7246 0.4425 X7* – 
1595.8140 1595.6612 0.1528 Y6* – 
387.2149 387.1875 0.0274 y3* -2H 
345.1884 345.2133 0.0249 y3* -CO2

d 

259.1358 259.0925 0.0433 y2* -NH3 

104.0564 104.0706 0.0142 y1* -CO2 

Data in Table 8 correspond to Fig. 5A. The B/Y series originates from breakage of 
peptide 38F-E44 maintaining intact the peptide51A-E58 linked to it and the con-
trary is for the B*/Y* series. Masses of NH3 and sch L are as in Table 3. Mass of 
H2O as in Table 4, –2H is as in Table 6 and mass of part1 sch L is as in Table 7. 

a side chain E is C3H5O2 (73.0289 Da). 
b +H2O means that the C-terminal residue (E7) is lost and H2O is added to the 

penultimate residue L6 making this one the new C-terminal. 
c partial2 side chain L is C3H7 (43.0547 Da). 
d CO2 is part of side chain E (43.9898 Da). 
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Considering the ions depicted in Fig. 5A and Fig. 5C, there are 22 y- 
type and related ions and 14 b-type and related ions, being the first one 
qualitatively more represented. In Fig. 5B, there are 14 internal linked 
ions and 10 unlinked ones in Fig. 5C, meaning 24 internal fragment ions 
in total. The ratio internal/y-type ions is 1.1 as expected [77] and the 
percent of terminal ions (y- plus b-type) of the terminal plus the internal 
ions is 60% in agreement with previous findings [79]. 

4. Concluding remarks and perspectives 

The positions of the disulfide bonds in the SAPA domain of the 
human propeptide SP-BN have been established between as 32C–C49 and 
40C–C55 (1–3 and 2–4 bonds respectively) in a called X-pattern, 
different of the kringle pattern found in SAPB domains of SAPLIP family. 
The SAPA domain of the human propeptide shows 80% identity with the 
one of the murine propeptide (Fig. 1) but there was no structure avail-
able of the mouse SAPA domain for homology modelling. The Phyre2 
server [83] modelled by homology this domain with c6VynF, but with so 

low confidence (8.4%) that it was discarded in spite of showing 67% 
identity. METADISORDERMD2 [84] considers disordered the six first 
residues 24AWTTSS29 of the propeptide with disorder probabilities 
around 0.7 (the threshold is 0.5). Curiously, the results of the ELM 
(eukaryotic linear motif) search, after globular domain, structural and 
context filtering [85] point to AWTTS as a linear S/T rich motif present 
in substrates that undergo a type of ubiquitination and to AWTT as a 
motif found in pro-apoptotic proteins. However, considering the lack of 
identity of these few amino acid residues in its alignment with the 
mouse, rat and rabbit SAPA domain of the propeptide (Fig. 1), its sig-
nificance, if any, remains unclear. 

In the SAPB domain, C100 is disulfide linked to C112 (bond 7–8) 
linking the putative helix-2 and helix-3 of the propeptide (Fig. S4) 
determined by homology modelling using as template the N-terminal 
domain of mouse surfactant protein B with bound lipids [86] (99.8% 
confidence and 68% identity) by the Phyre2 server [83]. The remained 
C69 and C72, located in a segment of coiled coil of the putative helix-1 
[18], are linked to C143 and C137 respectively by homology with the 

Fig. 5. Product ions assigned to the m/z of peaks 
obtained by MS/MS of the precursor ion with m/z 
1780 are from the MS data of the GluC/trypsin digest. 
A) Fragment series ions B/Y and B*/Y*of the pre-
cursor ion 38FWCQSLE44 disulfide linked to 
51ALGHCLQE58. B/Y series ions (left panel) have 51A- 
E58 as hanging peptide (shadowed, backbone 
uncleaved). B*/Y* series ions (right panel) have 38F- 
E44 as the hanging peptide (shadowed, backbone 
uncleaved). B) Internal fragment ions lacking the C- 
terminus E58 (lines 1-5, left panel and lines 6, 7, 10 
and 11, right panel) and lacking the C-terminus E44 

(lines 1-4, left panel and 6-9, right panel). C) Frag-
ment ion series and internal fragment ions of un-
linked peptides: b/y and other series ions, and 
internal fragment ions of peptide ion 38FWCQSLE44 

(left panel); b*/y* and other series ions and internal 
fragment ions of peptide ion 51ALGHCLQE58 (right 
panel). Data of ions in Fig 5A are summarized in 
Table 8, data of Fig 5B in Table 9 and data of Fig 5C 
in Table 10.   
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Table 9 
Internal fragment ions from the precursor ion38FWCQSLE44 linked to51ALGHCLQE58 by disulfide 
bond. 

Data in Table 9 correspond to Fig. 5B. Internal fragments ions of the disulfide linked peptides are 
originated from the precursor ion trough two or more cleavages in one and/or the other peptide 
backbone. Mass of NH3 is as in Table 3 and of H2O as in Table 4. Masses of CO and + 26 Da are as in 
Table 5. 
a side chain Q is C3H6NO (72.0449 Da). 

Table 10 
Internal fragments ions, series ions b/y, b*/y* and related series ions of the peptides 38FWCQSLE44 and 51ALGHCLQE58 unlinked through disulfide bond cleavage.  

Line Observed 
m/z 

Calculated 
(Da) 

Δ 
(Da) 

Internal and series ions of 38F-E44 Neutral losses and gains 

1 199.1289 199.0713 0.0576 QS -NH3 

2 197.1292 0557 0.0735 QS -NH3− 2H 
3 181.1152 181.0608 0.0544 QS -NH3 -H2O 
4 282.1568 282.1449 0.0119 QSL -NH3 -part sch S 
5 187.1527 187.0536 0.0991 CQ -NH3 -CO 
6 413.1997 413.1728 0.0269 CQSL -NH3 -2 Da 
7 541.2878 541.1739 0.1139 WCQSL -H2O -sch L − 2 Da 
8 526.2719 526.2774 0.0055 WCQSL -34 Da -part sch S 
a4 569.2511 569.1999 0.0512 FWCQ +32 Da 
a5 624.2930 624.2599 0.0331 FWCQS – 
y3 330.1845 330.1660 0.0185 SLE -H2O 
y4 431.1983 431.2375 0.0392 QSLE -part1 sch Ea 

z4 460.2206 460.2164 0.0042 QSLE – 
z4 443.2281 443.1899 0.0382 QSLE -NH3 

y5 544.2765 544.2073 0.0692 CQSLE -NH3 -H2O  

Line Observed 
m/z 

Calculated 
(Da) 

Δ 
(Da) 

Internal and series ions of 51A-E58 Neutral losses or gains 

9 270.1232 270.1019 0.0213 GHC -CO 
10 268.1554 268.0863 0.0691 GHC -CO -2 Da 
11 869.3846 869.4060 0.0214 ALGHCLQE -sch Gb 

c þ 12* 203.1306 203.1584 0.0278 AL – 
a4* 351.1997 351.2139 0.0142 ALGH – 
b5* 482.2309 482.2180 0.0129 ALGHC – 
b7* 741.3492 741.3712 0.0220 ALGHCLQ +H2O 
y2* 231.1125 231.1214 0.0089 QE -part2 sch Ec 

y2* 211.1267 211.0715 0.0552 QE -NH3 -part1 sch E -2H 
z þ 12* 226.1274 226.0711 0.0563 QE -NH3 -H2O 
z þ 12* 244.1236 244.0816 0.0420 QE -NH3 

z þ 33* 359.1428 359.1724 0.0296 LQE -NH3 

y4 * 474.2155 474.2018 0.0137 CLQE -H2O 
y4 * 427.2167 427.2063 0.0104 CLQE -H2O -sch Cd 

y6 * 700.3289 700.2541 0.0748 GHCLQE -H2O ± 32 Da 

Data in Table 10 correspond to Fig. 5C. Masses of NH3, sch S, part sch S and sch L are as in Table 3. Mass of H2O is as in Table 4. Mass of CO is as in Table 5. The masses of 
–2H, +32 Da, − 34 Da and − 2 Da are is as in Table 6 and of CO2 as in Table 8. There are 8 peptides with reduced Cys and one whose Cys has lost the side chain (y4*). 

a partial1 side chain E is CHO2 (carboxyl, 44.9976 Da). 
b side chain G is H (1.0078 Da). 
c partial2 side chain E is CH2O2 (Formic acid, 46.0054 Da). 
d side chain C is CH3S (46.9955 Da) where S is sulfur. 
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kringle motif of the SAPLIP family members (Fig. S4). 
The target K175 (Fig. S5) belongs to a hinge or fringe, which are re-

gions prone to cleavage by trypsin in limited proteolysis. This residue is 
in the centre of the segment 167P–P182 predicted to be transmembrane 
(TM) by the MEMSAT-SVM program of the PSIPRED server (bioinf.cs. 
ucl.ac.uk/psipred), which has predicted correctly TM topology in 89% 
of the 131 cases analysed, and it is considered a better predictor than 
others with lower scores [87]. However, TM prediction by TOPCONS 
(topcons.cbs.su.se/pred), a program working with several algorithms, 
was unsuccessful, and therefore the definitive assumption of the TM 
existence would require additional studies. Flanking the presumed TM 
stretch, the segments 146R-P167 and 182P-Q200 are disordered according 
to CSpritz (protein.bio.unipd.it/cspritz). Servers as DisEMBL (dis.embld. 
de) with several definitions found also two predicted intrinsically 
disordered regions (IDRs) although with small variations in the number 
of residues involved, and so did PrDos (prdos.hgc.jp/cgi.bin) [88] 
whereas InterPro predicts disorder only in the segment 147Q-R166 (ebi. 
ac.uk/interpro) [89]. The intrinsically disordered regions (IDRs) are 
typically protein segments linking structured domains since they are 
highly flexible. Nowadays, they seem to be either the target of post-
ranslational modifications, very active zones to promote interactions 
with small molecules and metals, or acting as chaperones of other pro-
teins [90]. Chaperones are predicted, in a wide study, to have abun-
dance of IDRs ranging up to 36.7% of protein residues [91] and 
according to the CSpritz prediction, the propeptide holds 25.4% IDRs, 
which classifies it as moderately disordered. 

In the presumed TM stretch locates the napsin A cleavage site be-
tween 178L-P179, which removes the mature SP-B from the vast majority 
of the N-terminal propeptide [92] a cleavage site situated in the pub-
lished predicted cleavage segment 160L-Q186 [93]. Cathepsin H cleaves 
as endopeptidase the amide bond 187A-R188 [92] in the predicted IDR 
segment 182P-Q200 (dis.embld.de) and is thought to be responsible of 
trimming both the N-terminal and the C-terminal as exopeptidase [94] 
whereas pepsinogen C cleaves the bond 196L-S197 [95] also in the same 
IDR segment. Target sites of pepsinogen and cathepsin are close to sites 
of thermolysin and GluC cleavages in Fig. S5. In addition, cleavage be-
tween 180V-L181 in the same IDR was reported in a recombinant proSP-B 
protein, perhaps inappropriately refolded and presenting a non-native 
target to the protease, according to the authors [93]. 

Moreover, IDRs resemble by conformation and structure the states of 
some globular proteins known as molten globule (MG intrinsic disorder) 
or premolten globule (extended disorder) and we have previously found 
that the propeptide showed molten globule character by means of 
fluorescence emission, circular dichroism and the use of denaturants 
[19]. Besides, residues such as A, R, G, Q, S, P, E and K are known to 
promote disorder, and are abundant in both IDR’s regions, being five of 
them together in the stretch 186QARPGP191 where the cathepsin target 
lies (Fig. S5), since sites of postranslational modifications and proteo-
lytic cleavages are usually associated with IDRs [96]. 
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[19] A. Bañares-Hidalgo, J. Pérez-Gil, P. Estrada, Conformational stability of the NH2- 
terminal propeptide of the precursor of pulmonary surfactant protein SP-B, PLoS 
One 11 (7) (2016), https://doi.org/10.1371/journal.pone.0158430 e0158430. 

[20] prospector.ucsf.edu. 
[21] warwick.ac.uk. 
[22] lfd.uci.edu/gohlke/molmass. 
[23] W.M. Haynes (Ed.), Handbook off Chemistry and Physics, 97th edition, Taylor and 

Francis Group CRC Press, Boca Ratón Florida, USA, 2016-2017. 
[24] disulfind.dsi.unifit.it. 
[25] scratchproteomics.ics.uci.edu. 
[26] clavius.bc.edu. 
[27] gpcr.biocomp.unibo.it. 
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