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Abstract
A new database search algorithm has been developed to identify disulfide-linked peptides in tandem
MS data sets. The algorithm is included in the newly developed tandem MS database search program,
MassMatrix. The algorithm exploits the probabilistic scoring model in MassMatrix to achieve
identification of disulfide bonds in proteins and peptides. Proteins and peptides with disulfide bonds
can be identified with high confidence without chemical reduction or other derivatization. The
approach was tested on peptide and protein standards with known disulfide bonds. All disulfide bonds
in the standard set were identified by MassMatrix. The algorithm was further tested on bovine
pancreatic ribonuclease A (RNaseA). The 4 native disulfide bonds in RNaseA were detected by
MassMatrix with multiple validated peptide matches for each disulfide bond with high statistical
scores. Fifteen nonnative disulfide bonds were also observed in the protein digest under basic
conditions (pH = 8.0) due to disulfide bond interchange. After minimizing the disulfide bond
interchange (pH = 6.0) during digestion, only one nonnative disulfide bond was observed. The
MassMatrix algorithm offers an additional approach for the discovery of disulfide bond from tandem
mass spectrometry data.
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Introduction
Among the 20 natural amino acids, cysteine is unique because it is involved in many biological
activities through oxidation and reduction to form disulfide bonds and sulfhydryls. These
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modifications play an important role in protein's structure and biological function. The
identification and characterization of protein disulfide bonds is an essential step to thoroughly
understand their biological function. However, the determination of disulfide linkages can be
a challenging task.

Several methods are used to determine the pattern of disulfide bond linkage. Among them,
crystallography and NMR are excellent tools that can identify disulfide bond linkages with
minimal disulfide bond interexchange.1–6 However, the application of both techniques is
limited by large sample requirements and protein size. Edman Degradation can also be used
for the identification of disulfide bonds.7–10 But this technique requires ultra pure samples,
digestion, and further purification of the peptides for protein sequencing. Mass spectrometry
has also been successfully applied to identify disulfide bonds in solution8,11–13 and from gels.
14,15 Researchers have successfully demonstrated that disulfide bridge patterns can be
identified by mas spectrometry (MS) analysis, following protein digestion either under partial
reduction12,13,16,17 or nonreduction conditions.8,11,14,15,18–24

Partial reduction is a widely accepted approach for the determination of disulfide bonds. In
this approach, the protein is digested under controlled conditions such that disulfide bonds with
different reduction kinetics are reduced and alkylated gradually. Peptide containing modified
cysteines are further separated and analyzed by MS and/or tandem MS. However, when a
protein is highly bridged, multiple reductions and separations are necessary for complete
disulfide mapping. The approach requires relatively large sample amounts compared with
direct tandem MS and can provide ambiguous results when disulfide bonds have the same or
similar reduction rates.16 Tandem MS analysis of protein digests under nonreducing condition
has also been used frequently for the investigation of disulfide bond patterns. With appropriate
enzyme(s) digestion, disulfide bonds pattern can be identified in a single run. However, data
processing may be extremely complicated and time/labor-consuming for proteins with multiple
unknown disulfide bonds. Also, when the sample contains large number of cysteines or
multiple disulfide bonds exist in the sample, some disulfide bond linkages might go
unidentified. Tools that can effectively search tandem MS data for the presence of disulfide
bonds will facilitate disulfide analysis.

Several methods have been reported for peptide mass analysis for disulfide-linked peptides.
25,26 Tandem MS data from disulfide-linked peptides under reduction conditions can be
analyzed using traditional database search programs.27–29 However, high-throughput software
for analysis of tandem MS data of disulfide-linked proteins and peptides under nonreducing
condition are limited. Recently, a search program for the identification of disulfide bonds in
peptides from tandem MS data was reported by Wefing et al.30 However, the program lacks a
calibrated empirical scoring model or a statistical scoring model. Commonly used database
search program, such as SEQUEST28 and Mascot,29 do not have options to perform analysis
of tandem MS data from disulfide-linked proteins and peptides.

Herein, we report a new data search algorithm for tandem MS data to identify disulfide bonds
in proteins and peptides. The algorithm was included in a newly developed tandem MS database
search program, MassMatrix.31 The algorithm employs a probabilistic scoring model and fast
database searching algorithm in MassMatrix to achieve reliable statistical scoring, high
sensitivity, and selectivity and high-performance identification of disulfide bonds from
proteins and peptides. With this approach, disulfide bonds in proteins and peptides can be
identified along with other fixed and/or variable modifications in tandem mass spectrometry
and without the need for reduction or derivatization of the sulfhydryls and/or disulfide bonds.
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Experimental Procedures
Sample Preparation and Mass Spectrometry

All peptide and protein standards were purchased from Sigma-Aldrich (St. Louis, MO). The
protein standards were digested by a combination of trypsin (Promega, Madison, WI) and
chymotrypsin (Roche, Switzerland) following a protocol similar to Ressell et al.32 Briefly,
protein standards were digested in 25 mM ammonium bicarbonate solution (pH = 8.0). To
minimize/block the disulfide bond interchange, protein standards were also digested in 25 mM
phosphate buffer (pH = 6.0) or 25 mM ammonium bicarbonate with 10 mM iodoacetamide
(final concentration).24 Enzymes were used in 25:1 ratio (substrate/enzyme), and the mixture
was incubated at 37 °C overnight.

Capillary-liquid chromatography-nanospray tandem mass spectrometry (Nano-LC/MS/MS)
was performed on a Thermo Finnigan LTQ mass spectrometer equipped with a nanospray
source operated in positive ion mode. The LC system was an UltiMate Plus (Dionex,
Sunnyvale, CA) with a FAMOS autosampler and SWITCHOS column switcher. Solvent A
contained water with 50 mM acetic acid, and solvent B contained acetonitrile. Five microliters
of each sample was injected onto the trapping column (LC-Packings A Dionex Co, Sunnyvale,
CA) and washed with solvent A. The injector port was switched to inject, and the peptides
were eluted off of the trap onto a 5 cm, 75 μm i.d. ProteoPep II C18 packed nanospray tip (New
Objective, Inc. Woburn, MA). Peptides were eluted into the LTQ system using a gradient of
2–80% B over 30 min, with a flow rate of 300 nL/min. The total run time was 58 min. The
scan sequence of the mass spectrometer was programmed to perform a full scan followed by
10 data-dependent MS/MS scans of the most abundant peaks in the spectrum. Dynamic
exclusion was used to exclude multiple MS/MS of the same peptide.

Database Searching and Searching Parameters
The .RAW data files obtained from the mass spectrometer were converted to mzData (.XML)
files using BioWorks (ThermoFisher, San Jose, CA). The mzData files were searched against
custom protein databases using the MassMatrix search engine (www.massmatrix.net). The
custom FASTA format protein databases were composed of target protein sequences and decoy
protein sequences. Target protein sequences for bovine pancreatic ribonucleaseA (RNaseA)
and Insulin were reported previously.33,34 Decoy protein sequences were reversed or
randomized sequence of RNaseA or Insulin. All spectra that were not determined as singly
charged were searched as both doubly and triply charged ions. Peptide sequences with a length
from 6 to 50 amino acid (AA) residues, missed cleavage sites of up to 4, and charges of +1,
+2, and +3 were searched. For spectra with multiple matches, the highest scoring match was
used. The program was tested with peptide and protein standards and with the well-
characterized protein, RNaseA, which contains four known native disulfide bonds.

Results and Discussion
Classification of Disulfide Bonds and Disulfide-Linked Peptides

In MassMatrix, disulfide bonds in peptides were classified into two types: interchain disulfide
bonds and intrachain disulfide bonds. Peptides with more than 2 disulfide bonds are difficult
to characterize by tandem MS due to poor fragmentation and size. Therefore, only peptides
with up to 2 disulfide bonds were considered in MassMatrix. However, models for peptides
with more than 2 disulfide bonds may be included in MassMatrix as needed. Peptides with up
to 2 disulfide bonds were classified into 4 types as shown in Figure 1. Type 1 peptides only
have interchain disulfide bonds. Type 2 peptides only have intrachain disulfide bonds. Type 3
peptides are hybrids with both inter- and intrachain disulfide bonds. Type 4 peptides have
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circular chains. Peptides with only 1 disulfide bond fall into the following classes: 1A and 2A.
Peptides with 2 disulfide bonds include types 1B, 2B, 3, and 4.

Search Algorithm
A flowchart for the disulfide search algorithm in MassMatrix is shown in Figure 2. MassMatrix
has two disulfide search modes: exploratory and confirmatory. There are no biological or
chemical feasibility for disulfide bonds assumed in either the exploratory or confirmatory
mode. In the exploratory search mode, all cysteine residues in the protein sequences are
considered to be variable disulfide bonding sites, that is, all cysteine may or may not form
disulfide bonds. During searching, MassMatrix will generate all possible combinations of
disulfide bonds by assuming that any two cysteine residues are capable of forming a disulfide
bond. Consider a protein with n cysteine residues. During exploratory search mode,
MassMatrix will generate  possible combinations of single disulfide bond for
the protein (n = number of cysteine residues). In the confirmatory search mode, only the
disulfide bonds specified in the protein database by the user will be considered and searched
against experimental data. Disulfide bonds are specified in the sequence by input of a custom
database. In the special .BAS MassMatrix databases, disulfide bonds are coded as “C($i)”,
where i is the index number of the specified disulfide bond. Each bond has two related disulfide
bonding sites. The protein is digested in silico based on the specified proteolysis reagent with
consideration given to the presence of disulfide bonds generated from either the exploratory
search mode or as input by the user in confirmatory search mode. These hypothetical peptides
are then fragmented using the appropriate fragmentation model and scored against the
experimental tandem MS data.

In MassMatrix's Collision Induced Dissociation fragmentation model, disulfide bonds are not
cleaved by collisional activation. Disulfide-linked peptides may have multiple chains that are
connected to each other. Each chain may undergo fragmentation independently including
neutral losses of H2O and NH3 due to residues with hydroxyl and amino groups, respectively.
Only product ions created from the rupture of a single bond were considered (thus, internal
fragments were not searched). Therefore, when one chain undergoes fragmentation to create
product ions, other chain(s), if any, will be intact and considered as a modification to the
cysteine on the first chain.

Type 1A peptides are the most preferred configuration for sequencing by tandem mass
spectrometry. Type 1A peptide fragmentation produces a set of product ions for each peptide
chain allowing excellent sequence coverage. The same is true for type 1B given that the peptide
chains are of reasonable length so that the precursor and product ions can be detected. Other
peptide types can suffer from lower sequence coverage due to blind spots in the product ion
series. For example, fragmentation of type 2 and 3 peptides that occurs in the sequence
connecting the two linked sulfides results in the same product ion and, thus, no useful sequence
information. We refer to this region of the peptide (gray area in Figure 1) as the blind spot.
Similarly, for type 4 peptides, fragmentation between the two interchain disulfide bonds on
the same chain does not create any signature product ions. Resulting tandem MS spectra for
type 2, 3, and 4 peptides will be missing product ions for these blind areas. At present, the best
strategy is to use a protease to cut these peptide sequences and convert them to type 1A.
Alternatively, we are examining the use of data-dependent MS3 to sequence these blind areas.

The scoring algorithm involved in the disulfide bond search is the same as that used for peptides
without disulfide bonds.31 MassMatrix contains three independent scoring models, including
two statistical models and a descriptive model. The two statistical scores, pp and pp2, are the
negative common logarithm of the likelihood that the peptide match is random. The pp value
is the major standard used in MassMatrix, and the pp2 value is a supplementary score. Peptide
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matches with either pp or pp2 value greater than 6 were considered to be statistically significant.
31

Most database search programs (MassMatrix,31 SEQUEST,28 Mascot,29 etc.) assume a simple
fragmentation pattern for the tandem mass spectra of theoretically calculated peptide
sequences. Furthermore, there are no methods to predict relative abundances of products ions
from experimental spectra of disulfide-linked peptides. Therefore, manual validation is
necessary to obtain truly reliable disulfide-linked peptide identifications from shotgun
proteomic experiments performed at low mass accuracy. MassMatrix provides information in
the search results, such as statistical scores, graphical tandem mass spectra with highlighted
matched ions, theoretical product ion tables, and so forth, to allow the user to visually validate
each disulfide-linked peptide match (see Supplementary Figure 1 in Supporting Information).

Validation with Disulfide-Linked Peptide Standards
The search algorithm was first tested with CID MS/MS data from two peptide standards and
an insulin digest containing known disulfide bonds. The peptide standards were type 2A and
2B peptides and analyzed directly by nanoLC—MS/MS without any digestion. The data from
the peptide standards were searched without specifying any peptide cleavages due to digestion.
Insulin consists of two chains connected by two interchain disulfide bonds, and one chain also
has an intrachain disulfide bond. Digestion of insulin by a combination of trypsin and
chymotrypsin creates two types of disulfide-linked peptides: type 1A and type 3 peptides. Each
of these four types was successfully identified by searching their tandem MS data with the
MassMatrix search engine. A listing of the peptide matches is provided in Table 1. Because
type 1A peptides have a higher potential to return a complete set of signature product ions
created from fragmentation, they normally have relatively higher pp values (Figure 3a). Type
2 peptides (Figure 3b,c) contain blind spots and are more difficult to identify in tandem MS
database search especially when a large part of their sequences is contained in the blind spot.
This is manifest in lower pp scores as evident in the search of the type 2B peptide (Figure 3c)
listed in the Table 1. Fragmentation that occurs in the blind spot creates product ions with the
same mass as the precursor ion. Therefore, we normally observe an abundant peak with the
same mass-to-charge ratio (m/z) as the precursor ion in the tandem MS spectra for type 2
peptides as shown in Figure 3b,c. We are exploring the option of additional MS3 experiment
to further map and identify these peptides. Type 3 peptides are hybrid where one chain has an
intrachain disulfide bond and a blind area linked via an interchain disulfide to a separate peptide
(Figure 3d). Because these peptides partially resemble type 1A, they can still be identified with
significant scores in MassMatrix (Figure 3d).

Validation with Bovine Pancreatic Ribonuclease A (RNaseA)
The tandem MS data sets from the digests of RNaseA by a combination of chymotrypsin and
trypsin under basic (pH = 8.0) and acidic (pH = 6.0) conditions were searched against the
RNaseA sequence using either the confirmatory or exploratory search modes. For the
exploratory search, decoy sequences were added to a limited database that contained RNaseA,
the reversed RNaseA sequence, and 20 randomized RNaseA sequences. The summary of the
searches for the data set from the digest under pH = 8.0 are listed in Table 2. Because the search
space for the decoy sequences was much larger than that for the true RNaseA, sequence peptide
matches to the true sequence were considered true positives (TPs) and those from decoy
sequences were considered false positives (FPs). The true positive peptide matches from
RNaseA were further manually validated by two experts independently, and those that passed
both manual validations were used to map the disulfide bonds of RNaseA. Manual validation
of the search results was carried out in order to eliminate matches to spectra of poor quality
(low S/N) or matches that did not yield any consecutive y or b ions. For RNaseA at pH = 8.0,
281 out of 302 (93.0%) TPs survived this manual validation, whereas at pH = 6.0, 102 out of
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113 (90.3%) TPs survived validation. The complete lists of disulfide-linked peptide matches
for the two data sets are provided in the Supplementary Tables 1 and 2 in Supporting
Information. Spectra for matched peaks and a table of theoretical masses calculated from the
MassMatrix fragmentation model for each validated true positive peptide match are provided
in the Supplementary Figure 1 in Supporting Information.

1. Confirmatory Search for Native Disulfide Bonds
Four nativedisulfidebondsinRNaseA,C26—C84,C40—C95,C58—C110, and C65—C72
were specified in the confirmatory search.33–35 The summary report of the four native disulfide
bonds is shown in Table 3. For the RNaseA digests under both basic and acidic conditions,
each native disulfide bond was confirmed by multiple validated true peptide matches with
significant statistical scores. More native disulfide-linked peptides and higher total statistical
scores for native disulfide bonds were observed in basic digestion because the optimal pH for
trypsin digestion is pH ∼ 8.0. Therefore, all four native bonds reported by literature were
confirmed with a very high confidence in our tandem MS experiment and subsequent database
search performed in MassMatrix.

2. Exploratory Search for Native and Nonnative Disulfide Bonds
In the exploratory mode, MassMatrix searched the complete combination of all possible
disulfide bonds in the protein provided by the model. All native disulfide-linked peptides that
were seen in the confirmatory search were also seen in the exploratory search for both basic
and acidic digests.

For the RNaseA digest under basic condition, 18 nonnative disulfide-linked peptides were
observed with multiple validated true positive matches for each peptide in the exploratory
search (Table 4). These peptides indicate that there are 15 nonnative disulfide bonds in the
RNaseA. The summary of disulfide bond mapping in the RNaseA digests under basic
conditions is shown in Figure 4a. Out of all 28 possible disulfide bonds formed by the eight
cysteine residues in the RNaseA, 19 were identified in MassMatrix. These nonnative disulfide
bonds are likely due to disulfide bond interchange during the sample processing and protein
digestion.24,36

Compared with the RNaseA digest under basic condition, similar results for the four native
disulfide bonds were observed in the RNaseA digest under acidic condition as shown in Table
3. However, only one validated nonnative disulfide bond (C84—C95) was observed Figure 4b
and Table 4. This could be due to the fact that the disulfide bond interchange was minimized
by dilute acid.24 These observations were further supported by blocking disulfide interchange
by treatment with iodoacetamide and enhancing interchange by heating during digestion (see
Supplementary Figure 2 in Suppporting Information).

Validation of MassMatrix Scoring Model for Disulfide-Linked Peptides
The scoring model for disulfide-linked peptides was validated by examination of the
distributions of pp values for true positives and false positives (Figure 5) and receiver operating
characteristic (ROC) analysis (Figure 6) for the data set from the digest under pH = 8.0. True
and false positives were determined from the searches of the RNaseA data sets with decoy
sequences. Because the search space for the decoy sequences was much larger than that for the
true RNaseA, sequence peptide matches to the true sequence were considered true positives
(TPs) and those from decoy sequences were considered false positives (FPs). True positive
rate (TPR) and false positive rate (FPR) are calculated by TP/(TP + FN) and FP/(FP + TN),
respectively, for a certain threshold, where FN is number of false negatives (TPs under the
threshold) and TN is number of true negatives (FPs under the threshold).
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It can be seen that the scoring model was able to discriminate TPs from FPs at a low mass
accuracy of 1.0 Da, although there is some overlap between the distributions of pp value for
TPs and FPs. ROC analysis also indicates that the scoring performs well for both peptides
without peptide bonds and disulfide-linked peptides. However, false positives are a permanent
issue for database searches at low mass accuracy.27 The appropriate threshold values in
MassMatrix can be determined experimentally by using standard experimental data sets with
searches against databases containing decoy sequences as described above.37 By setting up
appropriate threshold scores based on ROC analysis, the algorithm achieved a TPR, that is,
sensitivity, of 85% for peptides without disulfide bonds and 71% for disulfide-linked peptides
with a FPR of 10%, that is, a specificity of 90%.

Disulfide-Linked Peptides versus Peptides without Disulfide Bonds
Disulfide-linked peptides tend to have smaller pp values than those without disulfide bonds in
MassMatrix as shown in Figure 5. Area under the curve (AUC) for the ROC curves indicates
sensitivity and specificity. An ideal algorithm with an AUC equal to 1.0 achieves 100%
sensitivity and 100% specificity. It can be seen in Figure 6 that the AUCs for peptides without
disulfide bonds and those with disulfide bonds are 0.93 and 0.89, respectively. Therefore,
MassMatrix has better sensitivity and specificity for peptides without disulfide bonds than for
disulfide-linked peptides as indicated by score distributions and ROC analysis. This is because
(1) peptides with intrachain disulfide bonds often do not contain the complete set of signature
product ions due to blind spots and (2) peptides with interchain disulfide have product ions
clustered at low and high m/z. However, peptides without any disulfide bonds have product
ions spread across the whole mass range resulting in a better signature.

Conclusions
A new database search algorithm has been developed to identify disulfide-linked peptides in
tandem MS data sets. The algorithm was based on the statistical scoring model in MassMatrix
and has been incorporated in MassMatrix to enable the program to map disulfide bonds form
tandem MS data. The algorithm was tested on peptide and protein standards with known
disulfide bonds. All disulfide bonds in the standard set were identified with high statistical
scores by MassMatrix. The algorithm was further tested on bovine pancreatic ribonuclease A
(RNaseA). The 4 native disulfide bonds in RNaseA were detected by MassMatrix with multiple
validated peptide matches for each bond and high statistical scores. Fifteen nonnative disulfide
bonds were also observed in the digest under basic conditions (pH = 8.0) which was mainly
due to random disulfide bond interchange during digestion. After minimizing the disulfide
bond interchange by dilute acid (pH = 6.0) during digestion, only one nonnative disulfide bond
was observed. The distribution of statistical scores for true and false positives and ROC analysis
indicate that the algorithm is capable to discriminate TPs with disulfide bonds from FPs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Classification of disulfide-linked peptides in MassMatrix.
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Figure 2.
The flow diagram for the search algorithm of disulfide-linked peptides in MassMatrix.
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Figure 3.
Disulfide-linked peptide matches for (a) type 1A, (b) type 2A, (c) type 2B, and (d) type 3
peptides. Ions with neutral loss of small molecules are labeled by asterisk (*, loss of ammonia)
and prime (′, loss of water).
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Figure 4.
Disulfide bonds mapped by tandem MS experiment and subsequent database search in
MassMatrix for digests under (a) basic and (b) acidic conditions. Confidence of the
identification for each bond is indicated by the sum of pp values of peptide matches with the
bond. Native disulfide bonds are bolded.
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Figure 5.
Distribution of pp values for peptides without disulfide bonds and disulfide-linked peptides,
compared with false positive peptide matches.
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Figure 6.
ROC curves of the search with decoy sequences. Solid line (−), true positive peptide matches
with disulfide bonds vs false positives; dashed line (---), true positive peptides without disulfide
bonds vs false positives. False positives include both disulfide-linked false peptides and false
peptides without disulfide bonds. In ROC curves, a value to the top indicates higher sensitivity,
and a value to the left indicates higher specificity.
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Table 1
Four Types of Standard Disulfide-Linked Peptides Identified in MassMatrixa

Peptides Type High pp value Source

1A 17.0 Digest of Insulin

1A 18.8 Digest of Insulin

1A 12.2 Digest of Insulin

2A 8.9 Peptide standard 1

2B 3.4* Peptide standard 2

3 11.2 Digest of Insulin

a
Asterisk (*): the match for type 2B standard peptide is considered significant by MassMatrix due to its significant pp2 value which is 9.5.
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Table 2
Summary of the Three Searches for the Tandem MS Data Sets from RNaseA

database search mode theoretical peptides calculated search time

1 RNaseA Confirmatory 971 23 s

2 RNaseA Exploratory 9648 28 s

3 RNaseA and decoys Exploratory 232481 62 s
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Table 3
Native Disulfide-Linked Peptides in Digest of RNaseA under Basic and Acidic Conditions Identified in the
Confirmatory Searcha

digestion condition disulfide bond number of matches pp value sum/high disulfide-linked peptides

pH = 8.0 C26—C84 41 554.9/21.9 [26–29]-S-S-[80–85]

[26–30]-S-S-[80–85]

[26–31]-S-S-[80–85]

[26–31]-S-S-[77–85]

C40—C95 74 629.3/18.9 [40–46]-S-S-[93–97]

[40–46]-S-S-[92–97]

[40–46]-S-S-[92–98]

C58—C110 10 112.7/17.2 [47–61]-S-S-[105–115]

C65—C72 58 807.6/32.9 [62–73]*

[62–76]*

[62–66]-S-S-[67–73]

[62–66]-S-S-[67–76]

pH = 6.0 C26—C84 31 431.6/20.5 [26–29]-S-S-[80–85]

[26–30]-S-S-[80–85]

[26–31]-S-S-[80–85]

C40—C95 46 386.4/15.4 [40–46]-S-S-[93–97]

[40–46]-S-S-[92–97]

[40–46]-S-S-[92–98]

[38–46]-S-S-[92–97]

C58—C110 11 129.8/17.5 [52–61]-S-S-[105–115]

[47–61]-S-S-[105–115]

C65—C72 6 79.3/21.9 [62–73]*

[62–66]-S-S-[67–73]

[62–66]-S-S-[67–76]

a
Asterisk (*): peptides with intrachain disulfide bond.
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Table 4
Nonnative Disulfide-Linked Peptides in Digest of RNaseA under Basic and Acidic Conditions Identified in the
Exploratory Search

digestion condition disulfide bond number of matches pp value sum/high disulfide-linked peptides

pH = 8.0 C26–40 7 69.3/12.6 [26–31]-S-S-[40–46]

C26—C95 8 89.7/13.5 [26–31]-S-S-[92–97]

C26—C110 8 32.4/6.3 [26–31]-S-S-[105–115]

C40—C58 2 13.1/6.7 [40–46]-S-S-[47–61]

C40—C65 8 107.8/18.5 [40–46]-S-S-[62–66]

C40—C84 3 27.8/11.7 [40–46]-S-S-[80–85]

C40—C110 10 51.8/6.3 [40–46]-S-S-[105–115]

C58—C65 2 10.4/5.2 [47–61]-S-S-[62–66]

C58—C95 2 25.7/13.7 [47–61]-S-S-[92–97]

C65—C84 3 48.6/16.7 [62–66]-S-S-[80–85]

C65—C95 5 56.4/13.7 [62–66]-S-S-[92–97]

C65—C110 4 36.3/11.0 [62–66]-S-S-[105–115]

C84—C95 28 286.2/16.4 [80–85]-S-S-[93–98]

[80–85]-S-S-[92–97]

[80–85]-S-S-[92–98]

C84—C110 4 38.1/11.4 [80–85]-S-S-[105–115]

C95—C110 4 11.6/3.5 [92–97]-S-S-[105–115]

[92–98]-S-S-[105–115]

pH = 6.0 C84—C95 8 121.4/20.0 [80–85]-S-S-[92–97]

[80–85]-S-S-[92–98]
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