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Abstract
In this paper, we have examined two cysteine modifications resulting from sample preparation for
protein characterization by MS: (1) a previously observed conversion of cysteine to
dehydroalanine, now found in the case of disulfide mapping and (2) a novel modification
corresponding to conversion of cysteine to alanine. Using model peptides, the conversion of
cysteine to dehydroalanine via β-elimination of a disulfide bond was seen to result from the
conditions of typical tryptic digestion (37 °C, pH 7.0– 9.0) without disulfide reduction and
alkylation.. Furthermore, the surprising conversion of cysteine to alanine was shown to occur by
heating cysteine containing peptides in the presence of a phosphine (TCEP). The formation of
alanine from cysteine, investigated by performing experiments in H2O or D2O, suggested a
radical-based desulfurization mechanism unrelated to β-elimination. Importantly, an
understanding of the mechanism and conditions favorable for cysteine desulfurization provides
insight for the establishment of improved sample preparation procedures of protein analysis.

INTRODUCTION
Cysteine residues have highly reactive thiol groups and are thus prone to modifications,
including oxidation1, nitrosylation2, or glutathionylation.3 For example, disulfide bond
formation, due to the oxidation of pairs of cysteines, is critical for protein folding and
maintaining three-dimensional structures.4–7 Additionally, disulfide heterogeneity,
including formation of non-native disulfide bonds from disulfide scrambling, as well as the
occurrence of lanthionines8 or trisulfide bridges9, 10 is of concern in the production and
shelf life of protein reagents and pharmaceuticals.11 Therefore, the identification and
prevention of cysteine modifications is an important part of comprehensive protein
characterization.

Mass spectrometry-based methods have been widely used in the analysis disulfide bridges.
12–19 Conventional methods for disulfide mapping include enzymatic digestion of non-
reduced proteins by pepsin at pH 2 to 4.13 However, pepsin generates non-specific
cleavages, which increase the complexity of the digests. Alternatively, enzymes such as
trypsin or Asp-N can provide specific cleavages; however, these enzymes prefer basic pH,
which may lead to disulfide bond scrambling.20, 21 It was found that blocking free thiol
groups by reagents such as N-ethylmaleimide (NEM) effectively prevents disulfide bond
scrambling.22 To locate the exact linkage positions of disulfides, ESI-MS/MS in the
negative mode has been suggested.23 Recently, electron capture dissociation (ECD)24 and
electron transfer dissociation (ETD)17, 25 have been reported to facilitate the identification
of disulfide linkages.
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Besides mapping of disulfide linkages, additional modifications of cysteines have often been
observed.1 In a recent paper, we applied a novel algorithm, termed Search for Modified
Peptides (SeMoP), to discover unexpected modifications of peptides in MS data.26 Two
unusual modifications, resulting in the loss of sulfur from a cysteine residue, were identified.
The first desulfurization, corresponding to cysteine to dehydroalanine conversion, was
associated with the known heat and alkaline induced β-elimination of disulfide bridges.12,
27–29 The other desulfurization detected by the SeMoP algorithm corresponded to the
unexpected conversion of cysteine to alanine, which could be erroneously assumed to be a
mutation resulting from a single nucleotide polymorphism (SNP). However, such a mutation
is highly unlikely because two nucleotides would have to be changed to convert the codon
for cysteine to alanine.30, 31

In this paper, we have examined the above two desulfurization reactions of cysteine in the
context of sample handling for MS protein characterization in order to provide insight into
proper sample preparation protocols. Atriopeptin, and briefly, lysozyme and somatostatin,
were selected as model compounds to generate disulfide linked peptides. Tryptic digests
under nonreduced conditions of these model compounds were characterized, including
scrambled disulfides, and then subjected to heating at various temperatures with or without
reducing reagents to study the formation of the modifications. In addition, we examined a
thiyl radical-based mechanism for the conversion of cysteine to alanine.

EXPERIMENTAL
Materials and Methods

Atriopeptin and somatostatin were purchased from Anaspec (San Jose, CA). Egg white
lysozyme, Tris buffer, tris (2-carboxyethyl) phosphine hydrochloride (TCEP),
ethylenediaminetetraacetic acid (EDTA), iodoacetamide (IAM), ammonium bicarbonate, α-
cyano-4-hydroxycinnamic acid (CHCA) and heavy water (D2O 99.9%), were obtained from
Sigma-Aldrich (St Louis, MO). Trypsin Gold, mass spectrometry grade, was purchased from
Promega (Madison, WI). Ellman’s reagent (DTNB, 5, 5 -dithiobis-(2-nitrobenzoic acid)],
HPLC grade acetonitrile (ACN), trifluoroacetic acid (TFA) and formic acid (FA) were from
Thermo Fisher Scientific (Fair Lawn, NJ).

Preparation of Model Compounds
Separate stock solutions of atriopeptin, lysozyme and somatostatin (1 μg/μL) were prepared
in deionized water and stored at − 20 °C. Stock solutions of reducing reagent, 50 mM DTT
and TCEP, were freshly made by dissolving DTT or TCEP in 100 mM ammonium
bicarbonate. Atriopeptin (0.1 μg/μL) was subjected to trypsin digestion for one hour with a
50:1 (w/w) substrate to enzyme ratio at 37 °C in 100 mM ammonium bicarbonate buffer, pH
8.0. Lysozyme was digested with a 30:1 (w/w) substrate to enzyme ratio at 37 °C for 4
hours. Digestion was stopped by addition of 1% FA.

Cysteine Desulfurization
Forty μL of a tryptic digest of atriopeptin and separately lysozyme was heated at 60 °C or 90
°C for up to 2 hours, either without reduction or in the presence of reducing reagent (5 mM
of TCEP or DTT). The atriopeptin digest was also prepared in D2O using the following
procedure. Atriopeptin digest (40 μL) was dried to remove H2O and then resuspended in 100
mM ammonium bicarbonate in D2O (pH 8). Peptides in D2O were dried to remove residual
H2O and again resuspended in 40 μL of 100 mM ammonium bicarbonate prepared in D2O.
Four μL of TCEP in 100 mM ammonium bicarbonate in D2O was added to 40 μL of
atriopeptin solution. The atrioepeptin solution was heated in the presence of TCEP at 90 °C
for 20 minutes, and then the peptides were extracted with a C18 ZipTip (Millipore, Billerica,
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MA) to remove TCEP and resuspended in 50% ACN : 0.1% TFA in H2O (50 : 50). Finally,
the samples were dried and resuspended in 0.1% FA (in H2O) before MALDI MS analysis.
The somatostatin peptide without digestion was heated at 90 °C for up to 2 hours alone or in
the presence of 5 mM of TCEP. All reactions were performed in 100 mM ammonium
bicarbonate at pH 8.0 unless otherwise stated.

Analysis of Free Sulfhydryl Groups
Ellman’s reagent was used to determine the free sulfhydryl groups in the atriopeptin digest,
before and after reduction, following the manufacturer’s protocol. The absorbance of the
sample was measured at 412 nm in a Nanodrop ND-1000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE). The concentration of sulfhydryl groups in the sample was
calculated using the molar extinction coefficient of 2-nitro-5-thiobenzoic acid (14,150
M−1cm−1).

Mass Spectrometry
Samples were desalted by ZipTip μ–C18 pipette tips (Millipore) and spotted on the MALDI
plate followed by addition of MALDI matrix consisting of 10 mg/mL of CHCA in 50%
ACN: 0.1% TFA. Peptide MS and MS/MS spectra were obtained using a MALDI-TOF/TOF
4700 mass spectrometer (Applied Biosystems, Framingham, MA). The instrument was
externally calibrated with Glu-fibrinopeptide B (m/z=1570. 67).

For ESI -MS analysis, 2 pmol/μL of sample was infused into a LTQ-FT MS (Thermo Fisher
Scientific, San Jose, CA). Data were acquired in the data-dependent mode with a survey
scan using the FT MS, and then the ten most intense ions were fragmented for MS/
MSanalysis using the LTQ (28% normalized collision energy).

RESULTS AND DISCUSSION
The goal of this paper was to examine cysteine modifications induced during the sample
preparation for protein characterization, specifically the conversion of cysteine to
dehydroalanine for example during disulfide mapping; and cysteine to alanine26 when
heating with TCEP. To study these modifications, atriopeptin, a small 23 amino acid peptide
was first selected as a model compound. Atriopeptin contains only a single disulfide bond,
and thus, after tryptic digestion without reduction, two peptides linked by a disulfide bond
are formed, with minimal potential interference of the non-cysteine peptides, see Figure 1A.
Initially, the tryptic digest of atriopeptin was analyzed by MS to establish a baseline for
comparison with the same sample processed under various conditions suitable for cysteine
desulfurization.

MS Analysis of the Tryptic Digest of Non-Reduced Atriopeptin
Atriopeptin was first subjected to tryptic digestion for 1 hour at pH 8.0 without reduction,
and Figure 1B shows the ESI-MS spectrum of this directly infused digest. Peaks at m/
z=674.0 (3+) and 1010.5 (2+) correspond to the fully digested product. Two peaks at m/
z=712.3 (2+) and 873.1 (3+) were assigned to disulfide connected homodimers of
atriopeptin tryptic peptides. Since larger amounts of the homodimers were found with longer
digestion times (data not shown), disulfide scrambling is likely a consequence of the
digestion conditions (37 °C, pH 8.0).13 It should be noted that since atriopeptide contains
only a single pair of cysteines, the homodimer formation should, in theory, not occur before
the digestion. Since it has been reported that the presence of an unpaired cysteine can
facilitate disulfide bond scrambling,20 Ellman’s reagent was used to determine the amount
of the free sulfhydryl groups in the atriopeptin tryptic digest. It was estimated that there
were roughly 2% of free cysteines in the non-reduced digest solution, and the sulfhydryl
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group likely triggered the disulfide scrambling during digestion, resulting in the formation of
the homodimers. Alkylation of atriopeptin with IAA before digestion (without
reduction)was found to effectively eliminate the homodimers as expected (data not shown).
22

The same non-reduced atriopeptin digest sample was next analyzed by MALDI-MS. Figure
1C shows the tryptic digestion product of atriopeptin peak at m/z=2019.8 (1+), and the
miscleaved digestion peak at m/z=2404.0 (1+). The two homodimers with m/z =1423.5 (1+)
and 2616.1 (1+) were observed as well. (There was no alkylation of the peptides before
digestion.) Besides the above ions found in the ESI-MS spectrum, two peaks with relatively
high intensities at m/z=713.2 (1+) and 1309.6 (1+) were seen. These two ions were found to
be single cysteine containing peptides that were likely formed as the result of in-source
fragmentation of the disulfide bond of atriopeptin.32 Importantly, these free cysteine-
containing peptides were not observed in the ESI-MS spectrum (Figure 1B), likely due to
the lower energy in the ionization process for ESI compared to MALDI. In summary, this
simple example illustrates that a number of artifacts can occur when analyzing digests of
non-reduced proteins, including scrambled disulfides and, in the case of MALDI MS
analysis, the presence of ions generated by in-source fragmentation.

Conversion of Cysteine to Dehydroalanine in Non-Reduced Tryptic Digests
Of significance, a small peak at m/z=638.3 (2+) in the ESI (Fig. 1B) and 1275.6 (1+) in the
MALDI spectrum (Fig. 1C and Fig. 2A) was found in the digest. Presumably, this ion
corresponds to the loss of 34 Da from one of atriopeptin peptides, i.e., conversion of
cysteine to dehydroalanine that was generated during the tryptic digestion by heat induced β-
elimination.12 In order to confirm this, aliquots of the sample were collected during the
digestion every 10 minutes for 1 hour and analyzed by MALDI MS. The peak at 1275.6 (1+)
was not observed at the beginning of digestion, but was detected after 10 minutes, and the
intensity of this peak increased with time. This result suggests that the dehydroalanine
product was indeed generated during the digestion process. In order to accelerate this
conversion to produce a sufficient amount of modified peptide that could be confidently
identified by MALDI MS/MS analysis, atriopeptin digest was next heated at 60 °C in
ammonium bicarbonate buffer (pH 8.0). As shown in Figure 2B, after heating the atriopeptin
digest for 1 hour, the expected dehydroalanine product at m/z=1275.6 (1+), (loss of 34 Da)
was observed. The MS/MS spectrum shown in Figure 2C confirmed the location of the
dehydroalanine residue, i.e. IGAQSGLVdANSFR. Since thermal decomposition of
ammonium bicarbonate buffer during heating could alter pH of the digestion solution, and
thus the rate of β-elimination. The experiments were thus performed in thermally stable
Tris-buffer with pH adjusted to 7, 8 and 9, and it was found that there was no change in the
extent of cysteine to dehydroalanine conversion. It should be noted that the 7–9 pH range
was selected because it is generally preferred for trypsin digestion; however, it is expected
that higher pH could lead to an increased rate of β-elimination and disulfide scrambling.

The dehydroalanine containing peptide at m/z=1275.6 (1+) could be generated via β-
elimination from two disulfide linked tryptic peptides, (a) the original disulfide linked
peptide with m/z=2019.8 (1+) (Figure 1C) and (b) the homodimer resulting from disulfide
scrambling for the species with m/z=2616.1 (1+) (Figure 1C). However, during heating at
pH 8.0, atriopeptin homodimers are generated by disulfide scrambling and at the same time,
these homodimers could then undergo decomposition to dehydroalanine or thiocysteine.33

Thus, the change in the abundance of disulfide linked peptides will be the result of multiple
processes, i.e. generation of disulfide linked peptides and their decomposition, and is thus
difficult to quantitate. Nevertheless, it was estimated that less than 5% of cysteines were
converted to dehydroalanines during 1-hour heating at 37 °C. However, the conversion can
be as high as 30% for heating for 1 hour at 60 °C, see Figure 2. Prolonged digestion times,
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for example, overnight tryptic digestion at 37 °C of non-reduced proteins was found to lead
to accumulation of detectable amounts of dehydroalanine products resulting from β-
elimination (data not shown). In addition, it should be noted that besides widely used
enzymatic digestion conditions, other commonly employed techniques such as denaturation
of proteins by heating20 and long time storage8 have been shown to lead to formation of
dehydroalanine. Interestingly, dehydroalanine was detected in serum albumin isolated from
human plasma probably reflecting the long life time of albuminin the plasma29 As a result,
the presence of dehydroalanine should always be considered when analyzing non-reduced
samples. Reduction of disulfides followed by alkylation will prevent β-elimination of
disulfides;34, 35 however, in the case of mapping of disulfide bonds, this is not possible.

Cysteine Desulfurization in the Presence of Reducing Reagents
Since the β-elimination reaction requires disulfide bridges, reduction of disulfides should
prevent cysteine desulfurization.34 As can be seen from Figure 3A, no formation of
dehydroalanine was detected under commonly applied experimental conditions for protein
reduction, i.e. DTT at 60 °C for 30 minutes. TCEP, a water-soluble phosphine, is often used
as an alternative reducing reagent for reduction of disulfide bonds; but unlike DTT, the
reduction by TCEP should be effective at room temperature. Nevertheless, TCEP has been
mistakenly used at elevated temperatures. In order to evaluate the effect of TCEP on the
sample at elevated temperature, a tryptic digest of non-reduced atriopeptin (pH 8.0) was
heated at 60 °C for 1 hour in the presence of TCEP. In contrast to DTT, heating the peptide
with TCEP led to the formation of a new modification corresponding to the loss of 32 Da
(Figure 3B), suggesting conversion of cysteine to alanine. To confirm this modification, the
peak at m/z=1277.6, i.e. loss of 32 Da from the peptide IGAQSGLVCNSFR (m/z=1309.6),
was subjected to MALDI MS/MS analysis, Figure 3C. It can be seen that, starting from the
y5 fragment ion, corresponding to the position of the cysteine residue, the masses of
fragments are shifted by 2 Da with respect to the dehydroalanine product, which occurs in
the absence of TCEP (Figure 2C), supporting the conversion of the cysteine to alanine.

To further explore this unusual conversion, a similar experiment was next performed using a
tryptic digest of lysozyme. MALDI-MS spectra were collected at different digestion times to
assess the rate of cysteine desulfurization, see Figure 4. A peak, corresponding to two
lysozyme tryptic peptides connected by a disulfide bridge, m/z=2542.7 (1+), could be
clearly observed when digesting at 37 °C, pH 8.0, for 4 hours while only small peaks
corresponding to reduced peptides (Figure 4A). On the other hand, after 10 minutes of
heating at 90 °C in the presence of TCEP (Figure 4B), a strong ion at m/z=1276.9 (1+),
corresponding to the reduced form of the 2542.5 (1+) ion, appeared along with a peak of
relatively low intensity at m/z=1244.9 (1+), representing an alanine containing peptide
(confirmed by MS/MS). It should be stressed that heating at 90 °C was utilized to generate
sufficient amount of modified peptide for the MS/MS analysis using the AB4700
instrument. Nevertheless, brief heating to 90 °C is used in various protocols. The peak
corresponding to the disulfide bond- linked peptide ion, m/z=2542.5 (1+), was not detected,
indicating that this peptide was completely reduced. The intensity of the ion corresponding
to the desulfurized peptide, m/z=1244.9 (1+), increased with additional heating, as shown in
Figure 4C. Importantly, the peak corresponding to the alanine containing peptide increased
after the disulfide bond was completely reduced, suggesting that the disulfide bond is not
required for this conversion, i.e., that it could even occur for free cysteines. It should be
noted that alkylation of free cysteines should prevent formation of this modification. Based
on this result, the mechanism of conversion of cysteine to alanine is clearly different from
that of β–elimination.
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Mechanism of Cysteine to Alanine Conversion
Since we found that the conversion of cysteine to alanine can be induced by heating in the
presence of TCEP, it was of interest to investigate the mechanism of this conversion. A
desulfurization of cysteine to alanine has been reported in glycan-peptide synthesis36, 37.
Based on that work, we hypothesized that the cysteine to alanine modification in the
example with atriopeptin follows a similar radical mechanism. In order to determine if this is
the case, the reaction was conducted in D2O. As shown in Figure 5A (insert), the direct
conversion in D2O without formation of dehydroalanine intermediate should lead to
incorporation of a single non-exchangeable deuterium atom, increasing the mass of the
newly formed alanine peptide by a 1 Da compared to the alanine product obtained in H2O.
On the other hand, the mechanism that would involve formation of dehydroalanine would
lead to incorporation of two non-exchangeable deuterium atoms, thus increasing the mass by
2 Da. This mass difference can be distinguished by MS. The mass spectra for reactions
conducted in D2O and H2O are shown in Figures 5A and B, respectively. It can be seen that
the mass of the original cysteine-containing peptide (m/z=1309.7) did not change when D2O
was the solvent, suggesting that the deuterium atoms on amino acids that are not involved in
the cysteine to alanine conversion can be back exchanged to hydrogen after the peptide is
resuspended in H2O. However, a 1 Da shift was observed for the alanine containing peptide
generated in D2O, m/z=1278.6 (1+) in Figure 5A vs. m/z=1277.6 (1+) in Figure 5B,
indicating incorporation of a single deuterium atom. Furthermore, MS/MS spectra of the
alanine products generated in both D2O and H2O were obtained, Figures 5C and 5D,
respectively. Comparing Figures 5C and 5D, there is only a 1 Da shift for y5, whereas
masses of y2, y3 and y4 remain unchanged. In summary, these data support that the
modification is the direct conversion of cysteine to alanine without formation of
dehydroalanine.

Based on the above result, we propose that the conversion follows the thiyl radical
mechanism36, 37 as shown in Figure 6. Generally, the cysteine thiyl radical can be generated
by interaction with oxidant such as oxygen or UV light. Next, the thiyl radical can react with
alkylphosphine (TCEP) to form a phosphoranyl species and subsequent abstraction of a
hydrogen atom, for example from a cysteinyl thiol via hemolytic cleavage.38 This reaction
leads to the formation of the desulfurized product, alanine. Importantly, as we have shown,
this mechanism does not require a disulfide bridge, and thus any free cysteine residue should
be accessible for this reaction.

In summary, these results indicate that while heating disulfide cysteine containing peptides
in the presence of DTT efficiently results in reduction without desulfurization. On the other
hand, heating in the presence of TCEP should be avoided because it could lead to the
conversion of cysteine to alanine. Importantly, even in the case when the TCEP reduction is
performed at room temperature, failure to remove TCEP after the reduction could still lead
to desulfurization of non-alkylated cysteines during subsequent heating steps. These results
are important because experimental protocols that utilize TCEP do not emphasize that
samples should not be heated. Finally, the rates of desulfurization of cysteine are likely
dependent on the peptide sequences and conformation. Hence, other peptides may be more
prone to this modification at lower temperature.

Cleavage of the Peptide Bond Induced by TCEP and Heat
We observed that, besides conversion of cysteine to alanine, heating cysteine containing
peptides in the presence of TCEP resulted in the formation of additional peaks, indicating
other modifications. It has been reported that heating of disulfide containing proteins or
peptides can lead to peptide bond cleavage with the formation of an amide at the C-terminus
and a pyruvoyl residue at the N-terminus of the cleaved bond.8, 11 To examine these
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possibilities, somatostatin, a peptide with an intra-disulfide bond, was heated with and
without TCEP. Figure 7 shows the MALDI MS spectra after 30 minutes of heating,
indicating the formation of a number of peaks (Figure 7B), while a relatively clean spectrum
is observed without TCEP (Figure 7A). In order to determine the identities of these newly
formed species, individual peaks in Figure 7B were subjected to MS/MS analysis. It was
determined that peaks labeled 1–4 corresponded to cleavages of peptide bonds, as described
previously.8 Interestingly, the rate of formation of these cleavage products was significantly
enhanced in the presence of TCEP. After 30 minutes of heating with TCEP, the hydrolytic
cleavage products can be clearly observed, while in the sample without TCEP, the products
were detected only after extending the heating time to one hour (data not shown). In
summary, for TCEP containing samples, all sample preparation steps should be performed at
room temperature to minimize these side reactions.

CONCLUSIONS
In this paper, we have studied cysteine modifications induced in the sample preparation step
for MS protein characterization. Specifically, we examined two modifications, i.e.
conversion of cysteine to dehydroalanine and cysteine to alanine, caused by sample
preparation. Our results indicated that since the disulfide bond containing peptides are prone
to β-elimination and thus the formation of dehydroalanine, special care should be taken to
avoid exposure of disulfide bond containing samples to heat at basic pH. Though the extent
of β-elimination at room temperature is small, overnight protein digestion with trypsin at
pH=8.0 and temperature 37 °C without the use of reducing reagent such as DTT may lead to
formation of peptide with dehydroalanine residue detectable by mass spectrometry. In
addition, it is expected that heat-induced protein denaturation performed without reduction
of disulfide bond (e.g. 90 °C for 10 minutes) may lead to relatively high levels of
desulfurization and thus should be avoided. Formation of dehydroalanine involves breakage
of disulfide bonds, and thus heating of a sample in basic media (e.g. during trypsin
digestion) can contribute to disulfide scrambling, even if free cysteines are not blocked.

Next, similarly to reports by others,34 it was found that addition of reducing reagents,
specifically DTT, is an effective way to eliminate cysteine desulfurization since the
reduction of disulfide bonds will prevent β-elimination with heating. On the other hand, it
was found that though TCEP is an effective reducing reagent at room temperature, an
artifact corresponding to the conversion of cysteine to alanine can occur after heating
cysteine containing peptides in the presence of TCEP. Therefore, special care should be
taken to avoid heating peptides with free cysteines in the presence of TCEP, which is not
emphasized in the sample preparation protocols. In addition, it was found that hydrolytic
cleavage of peptide bonds observed previously8 is significantly enhanced by heating in the
presence of TCEP. These results demonstrate that sample preparation steps for MS can lead
to erroneous conclusions concerning protein structure and that detailed characterization of
each step is necessary to assure that the results reflect the true protein structure.
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Figure 1.
(A) Schematic of atriopeptin digestion by trypsin without reduction that is further subjected
to heat induced β-elimination and reduction; (B) ESI spectrum of non-reduced atriopeptin
digest, peak at m/z=712.3 (2+) and 873.1 (3+) are homodimers and (C) MALDI MS of
atriopeptin digest. (dA represents dehydroalanine).
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Figure 2.
MALDI spectra of (A) non-reduced atriopeptin digested at 37 °C for 1 hour; (B) non-
reduced atriopeptin digest heated at 60 °C for 1 hour; (C) MALDI MS/MS spectrum of a
peak at m/z=1275.6 (1+), corresponding to the dehydroalanine containing peptide.
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Figure 3.

Wang et al. Page 13

Rapid Commun Mass Spectrom. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MALDI spectra of atriopeptin digest heated at 60°C for 1 hour in the presence of reducing
reagent (A) 5 mM DTT; (B) 5 mM TCEP; and (C) MS/MS spectrum of the product of
desulfurization at m/z=1277.6 (1+), corresponding to the conversion of cysteine to alanine.
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Figure 4.
MALDI spectra of (A) lysozyme digested by trypsin at 37 °C for 4 hours; (B) lysozyme
digest heated in the presence of TCEP at 90°C for 10 minutes; and (C) for 120 minutes.
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Figure 5.
MALDI MS of atriopeptin digest (A) heated at 90°C with TCEP in ammonium bicarbonate
in D2O for 20 minutes; (B) heating at 90°C with TCEP in ammonium bicarbonate in H2O
for 20 minutes; (C) MS/MS of precursor ion at m/z=1278.7 from (A); and (D) MS/MS of
precursor ion at m/z=1277.7 from (B).
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Figure 6.
Proposed radical mechanism for the conversion of cysteine to alanine.
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Figure 7.
MALDI mass spectra of (A) intact somatostatin heated at 90 °C, pH 8.0 for 30 minutes as
control (intact peptide at m/z 1637.7); (B) somatostatin heated at 90 °C for 30 minutes in the
presence of TCEP and shows additional peaks 1–7 identified as follows: 1. CH3COCO-
KNFFWKTFTSA, m/z=1447.7; 2. CH3COCO-KNFFWKTFTSC, m/z=1479.7; 3.
AGAKNFFWKTFTS-NH2, m/z=1503.7; 4. AGCKNFFWKTFTS-NH2, m/z=1535.7; 5.
AGAKNFFWKTFTSA, m/z=1575.7; 6. AGCKNFFWKTFTSA and
AGAKNFFWKTFTSC, m/z=1607.7; and 7. AGCKNFFWKTFTSC (reduced somatostatin),
m/z =1639.7.

Wang et al. Page 18

Rapid Commun Mass Spectrom. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


