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Microwave-Assisted Acid and Base
Hydrolysis of Intact Proteins Containing
Disulfide Bonds for Protein Sequence Analysis
by Mass Spectrometry

Bela Reiz and Liang Li
Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada

Controlled hydrolysis of proteins to generate peptide ladders combined with mass spectro-
metric analysis of the resultant peptides can be used for protein sequencing. In this paper, two
methods of improving the microwave-assisted protein hydrolysis process are described to
enable rapid sequencing of proteins containing disulfide bonds and increase sequence
coverage, respectively. It was demonstrated that proteins containing disulfide bonds could be
sequenced by MS analysis by first performing hydrolysis for less than 2 min, followed by 1 h
of reduction to release the peptides originally linked by disulfide bonds. It was shown that a
strong base could be used as a catalyst for microwave-assisted protein hydrolysis, producing
complementary sequence information to that generated by microwave-assisted acid hydroly-
sis. However, using either acid or base hydrolysis, amide bond breakages in small regions of
the polypeptide chains of the model proteins (e.g., cytochrome c and lysozyme) were not
detected. Dynamic light scattering measurement of the proteins solubilized in an acid or base
indicated that protein-protein interaction or aggregation was not the cause of the failure to
hydrolyze certain amide bonds. It was speculated that there were some unknown local
structures that might play a role in preventing an acid or base from reacting with the peptide
bonds therein. (J Am Soc Mass Spectrom 2010, 21, 1596–1605) © 2010 American Society for
Mass Spectrometry
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Microwave-assisted acid hydrolysis (MAAH)
has been shown to be a useful tool for degrad-
ing proteins into peptides for mass spectro-

metric analysis [1–11]. Using a strong acid, such as 6 M
HCl, peptides from N-terminal and C-terminal se-
quences of a protein can be generated by MAAH and
the analysis of the peptide ladders by mass spectrome-
try (MS) can be used to sequence a protein [1]. For low
mass proteins (�20,000 Da), complete sequence information
from the overlapping N-terminal and C-terminal peptide
ladders can be produced, which is useful for analyzing
terminal peptide sequences and characterizing protein
modifications. For larger proteins, N-terminal and C-
terminal peptide sequence information can still be ob-
tained, providing an alternative method to the tradi-
tional Edman sequencing technique [12]. In addition,
using a weak acid, such as 25% trifluoroacetic acid
(TFA), terminal and internal peptides can be generated
by MAAH for shotgun proteome analysis [2]. This
method is particularly useful for analyzing insoluble
proteins, such as those found in tissue samples [4, 9], as
the microwave technique can assist in protein solubili-
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zation during MAAH, and proteins not efficiently di-
gested by using conventional enzymes [11]. In addition,
microwave hydrolysis can accelerate the hydrolysis
process and generate more reproducible results, com-
pared with heating alone, and it can be more readily
applied to membrane proteins as heating alone causes
precipitation of membrane proteins in acids which
prevent them from further degradation [1, 2].

In this work, we report two related enabling meth-
ods to improve hydrolysis mass spectrometry for pro-
tein sequencing. It has been shown that sequencing
proteins containing disulfide bonds by MAAH is a
more challenging task than sequencing straight chain
proteins [1]. Reduction of disulfide bonds is required
before MAAH and incomplete reduction results in poor
sequence coverage. Overnight reduction of disulfide
bonds is often needed. However, even using a pro-
longed reduction process, some proteins with disulfide
bonds not readily accessible to the reducing agents (e.g.,
prions) [13, 14] cannot be readily sequenced. There are
also reports of difficulty in sequencing highly folded
proteins by the technique [7, 8, 15]. Here we describe an
effective method in dealing with proteins containing
disulfide bonds. It involves first performing protein
hydrolysis for less than 2 min, followed by 1 h of

disulfide bond reduction to release for MS analysis the
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peptides originally linked by disulfide bonds. However,
with MAAH, not all amide bonds are hydrolyzed;
occasionally, missing peptide ladders corresponding to
the breakage of certain amide bonds in the protein
sequence are observed. To increase the sequence cover-
age, we report a method, which was shown to produce
complementary sequence information to MAAH, of
using a strong base for microwave-assisted protein
hydrolysis. Finally, dynamic light scattering (DLS) mea-
surements have been used to provide some insight on
the relation of peptide bond hydrolysis and protein
structures.

Experimental

Chemicals and Reagents

Unless otherwise noted, all chemicals were purchased
from Sigma (St. Louis, MO, USA) and were of analytical
grade. For HPLC separations, MS analysis, and prepa-
ration of digestions, Optima grade water and acetoni-
trile (ACN) were used (Fisher Scientific, Mississauga,
ON, Canada); 37% HCl (ACS grade) was from Merck
KGaA, Darmstadt, Germany; NaOH was from Fisher
Scientific (Mississauga, ON, Canada); horse heart cyto-
chrome c, chicken egg white lysozyme, and horse heart
myoglobin were obtained from Sigma Aldrich (Oakville,
ON, Canada).

Dynamic Light Scattering

DLS spectra were recorded with a Malvern Zetasizer
Nano-S (Malvern Instruments Ltd., Worcestershire,
UK). Scans were performed in a 1 mL cuvette. Protein
samples at 1 mg mL�1 concentration were prepared in
50 mM NaAc buffer, pH 5.5. For DLS experiments
under acidic or basic conditions a 2 mg mL�1 protein
sample prepared in 50 mM NaAc was mixed 1:1 (vol/
vol) with 6 M HCl or 2 M NaOH. The DLS spectra for
all samples were recorded immediately after mixing.

Microwave-Assisted Acid and Base Hydrolysis

For MAAH, 1 mg mL�1 protein samples were prepared
in 50 mM NaAc, pH 5.5. An aliquot of 40 �L of this
stock solution was mixed with an equal volume of 6 M
HCl in a 1.5 mL polypropylene vial. For the microwave-
assisted base hydrolysis (MABH) experiments, 1 mg
mL�1 protein samples were prepared in 50 mM NaAc,
pH 5.5. An aliquot of 40 �L of this stock solution was
mixed with 2 �L of 450 mM DTT and 40 �L of NaOH in
a 1.5 mL polypropylene vial. The vial was capped and
placed inside a household microwave oven with 1000
W power output at 2450 MHz, with excess microwave
energy being absorbed by 100 mL of water in a loosely
covered container beside the sample. Samples were
subjected to microwave irradiation for 30 and 60 s for
MAAH and 30 s to 3 min for MABH. The temperature

of the sample during microwave was unknown as we
did not have a means of measuring it in the simple
microwave oven. However, the temperature could not
be very high as the sample still remained as a liquid
after hydrolysis.

MAAH samples were cooled and dried in a SpeedVac
vacuum centrifuge to remove all the acid. For MALDI-MS
experiments, horse heart cytochrome c samples were
reconstituted in 80 �L of 50% ACN/H2O. The ACN was
removed by vacuum centrifugation. Lysozyme samples
were reconstituted in 30 �L of 6 M guanidine HCl. 2 �L
of 450 mM dithiothreitol (DTT) was added and the
samples were diluted to a final concentration of 3 M
guanidine HCl in 200 mM NH4HCO3, pH 8.0. Reduc-
tion of the disulfide bond was performed by incubation
for 60 min at 37 °C.

MABH samples were neutralized using concentrated
HCl, to a final pH of 8.0. DTT was added to a final
concentration of 15 mM and the mixture was incubated
at 37 °C for 60 min to reduce the disulfide bonds.

Before desalting, all samples were acidified and
diluted with TFA to a final pH of 2.0. For LC-MS and
FT-ICR-MS experiments, MAAH samples were recon-
stituted in 50% ACN/H2O, followed by the removal
of the ACN using vacuum centrifugation. Samples
were acidified and desalted without disulfide bond
reduction.

Desalting

Desalting was carried out in an Agilent 1100 HPLC
system (Palo Alto, CA, USA) [16]. In brief, desalting of
the hydrolysates was performed on a 4.6 mm � 5 cm
Polaris C18 A column with a particle size of 3 �m and
300 Å pore (Varian, MA, USA). After loading of the
polypeptide sample, the column was flushed with
97.5% mobile phase A (0.1% TFA in water) and 2.5%
mobile phase B (0.1% TFA in ACN) at a flow rate of 1
mL/min and the salts were effectively removed. Sub-
sequently, the concentration of phase B in the mobile
phase was step-wise increased to 90% to ensure com-
plete elution of the polypeptides from the column.

MALDI-TOF MS of Sequence Ladders

The desalted samples were concentrated in a SpeedVac
vacuum centrifuge. The samples were then mixed with
the matrix solution of �-cyano-4-hydrocynnamic acid
(CHCA) and spotted on a MALDI plate for matrix-
assisted laser desorption ionization (MALDI) analysis.
The MALDI-TOF mass spectra were obtained on an
Applied Biosystems/MDS SCIEX 4800 Plus MALDI-
TOF/TOF Analyzer (AB Sciex, Foster City, CA, USA).
Ionization was performed with a diode-pumped Nd:
YAG laser at 355 nm. The analyzer was used in a linear
mode of operation. The peptide ion peak picking and
mass assignment were done automatically using the

peak picking software in the 4800 Plus system.
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LC-MS

The LC-MS experiments were carried out on an Agilent
6220 Accurate-Mass TOF LC/MS system (Palo Alto,
CA, USA). In brief, samples were injected on a 75 � 0.5
mm Poroshell C8 column with a particle size of 5 �m
(Agilent) with an Opti-pak trap cartridge. After loading
of the sample, the column was flushed for 3 min at a
0.15 mL min�1 flow rate with 95% mobile phase A (0.1%
formic acid (FA) in water) and 5% mobile phase B (0.1%
FA in ACN) to effectively remove the salts. Subse-
quently, the concentration of phase B in the mobile
phase was gradually increased to 95% over a period of
7 min to ensure elution of the polypeptide fractions
from the column. The column was thermostatted at
70 °C.

FT-ICR-MS

FT-MS spectra were recorded using a Bruker 9.4T
Apex-Qe FTICR from Bruker Daltonics (Billerica, MA,
USA) by diluting the samples with 0.2% acetic acid in
50% MeOH/H2O and injecting them by direct infusion
with a syringe pump at a flow rate of 3 �L min�1 and
the use of electrospray as a source of ionization.

Results and Discussion

Hen egg white lysozyme is a 14.3 kDa protein contain-
ing 129 amino acid residues. The protein contains five
helices formed by 44 residues and nine strands formed

Figure 1. MALDI-TOF mass spectra of (a) prim
the four disulfide bonds, (b) lysozyme after MAA

after hydrolysis in 3 M HCl and 1 min of irradiation
by 15 residues [17]. The structure of the protein is
stabilized by four different disulfide bonds linking all
eight cysteine residues of the protein. The primary and
secondary structures [17] of the protein with the four
disulfide bonds are shown in Figure 1a. Sequencing of
lysozyme using MAAH followed by MALDI-TOF-MS,
which involved the reduction of the disulfide bonds
before MAAH, has been previously reported [1]. The
best signal-to-noise ratio and sequence coverage were
obtained by reduction of the disulfide bonds for 15 h
using DTT as reducing agent, followed by MAAH. To
speed up this process and to determine how important
disulfide bond reduction is for the success of MAAH,
we examined the effectiveness of the method without
prior reduction of the disulfide bonds.

Figure 1b shows the MALDI-TOF mass spectrum of
lysozyme after MAAH in 3 M HCl with 1 min irradia-
tion time. The MAAH was performed without prior
reduction of the disulfide bonds and also no reducing
reagent was present in the mixture during the MAAH
process. A similar spectrum was obtained when DTT
was present in the protein solution during MAAH.
Figure 1b shows that the peaks observed are those
corresponding to different charged states of the molec-
ular ion peak and the triply charged dimer. Under these
conditions, no peaks corresponding to hydrolysis pep-
tide products were observed in the mass spectrum. One
of the four disulfide bonds in lysozyme connects Cys6
to Cys127 (see Figure 1a). Even if hydrolysis of a
peptide bond located between these two Cys residues

nd secondary structure of lysozyme along with
3 M HCl for 1 min irradiation, and (c) lysozyme
ary a
H in
time followed by reduction with DTT.
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occurs during the MAAH process, the two peptide
fragments corresponding to the N- and C-terminal
fragments will be linked by this disulfide bond and as a
result the peaks of the hydrolyzed protein will show up
as a single peak, with a molecular mass that would be
18 Da higher than the intact molecular ion. The other
three disulfide bonds also link different parts of the
protein, further decreasing the possibility of detecting
hydrolysate peaks when hydrolysis of peptide bonds
does occur between linked Cys residues. If the hydro-
lysis of the peptide bond occurs between Arg5 and
Cys6, the highest molecular mass fragment would be
KVFGR with a mass of 606.37 Da. If the hydrolysis of
the peptide bond occurs between Cys127 and Leu128,
the fragment produced will be LR having a mass of
288.20 Da. These two peptides were not detected using
MALDI-TOF-MS because of the presence of matrix
peaks in the low mass region and ion suppression from
the protein peaks.

The absence of other peaks in the spectrum shows
that when a controlled hydrolysis is performed, peptide
bond hydrolysis occurs only once per protein molecule,
which should result in a �18 Da mass shift from the
protein molecular mass. Two bond breakages would
result in the observation of internal fragment peaks in
the spectrum. Because our MALDI-TOF-MS instrument
did not provide enough resolution and mass accuracy
to differentiate a hydrolyzed peak with a �18 Da shift
from an oxidized protein ion peak with a �16 Da shift or
sodium adduct ion of the protein with a �22 Da shift, we
used electrospray ionization (ESI) TOF-MS to analyze the
hydrolysate. We also used cytochrome c, a protein with no
disulfide bonds, as a control (data not shown). Figure 2
shows the molecular ion regions of the deconvoluted
ESI-TOF mass spectra of lysozyme before and after
MAAH for 30 and 60 s. The mass spectrum of lysozyme
without acid treatment (i.e., the original sample) is also
shown in Figure 2 for comparison. Figure 2a and b
show similar spectra, indicating that brief acid treat-
ment of lysozyme does not alter the structure or affect
the mass spectrometric results. As Figure 2b shows,
before hydrolysis, the protein molecular ion peak was
detected along with a likely oxidation peak (m/z �
14,322), a potassium adduct ion peak (m/z � 14,342),
and other unassigned oxidation and/or adduct peaks.
After hydrolysis, some intact proteins still remained in
the hydrolysate solutions. In the case of cytochrome c,
no �18-Da peak in the molecular ion region was
detected after hydrolysis (data not shown). This is not
surprising, as this protein does not have any disulfide
bonds and, therefore, hydrolysis of any of the peptide
bonds would result in an N- and a C-terminal polypep-
tide, and no �18 Da mass shift of the molecular ion
should be observed. However, for lysozyme, the �18
Da hydrolysate molecular ion peak was clearly ob-
served, as shown in Figure 2d. Note that �1 Da shift in
lysozyme (i.e., from m/z 14,305 to 14,306) can be seen
between the sample before irradiation and after 60 s of

irradiation. This shift can most probably be attributed to
deamidation (N ¡ D or Q ¡ E). For lysozyme, no peaks
were detected at �36 Da or higher in the mass spectra,

Figure 2. Molecular ion regions of deconvoluted ESI mass spectra of
lysozyme obtained under various sample conditions: (a) lysozyme was
solubilized in 0.1% formic acid, (b) lysozyme was solubilized in 3 M
HCl, immediately followed by drying in a Speedvac and the dried
sample was solubilized in 0.1% formic acid, (c) lysozyme was solubilized
in 3 M HCl, followed by microwave irradiation for 30 s, and the solution
was dried by Speedvac and then solubilized in 0.1% formic acid,
(d) same as (c) except microwave irradiation was 1 min.
changes which would correspond to two or more
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hydrolyzed peptide bonds. These mass shift results
were further confirmed by ESI FT-ICR-MS (data not
shown).

Figure 1c shows the MALDI-TOF mass spectrum of
the lysozyme hydrolysate after adjustment of the solu-
tion pH and reduction of the disulfide bonds with DTT
for 1 h. This spectrum shows hydrolysate peaks corre-
sponding to the N- and C-terminal peptide ladders,
which can be seen in the expanded spectra (Figure 3).
Supplemental Table S1, which can be found in the
electronic version of this article, lists the peak mass
assignments, theoretical masses of peptides, mass er-
rors, S/N ratios, and resolution. From the mass spec-
Figure 3. Expanded mass
trometric data, a peptide bond hydrolysis map for
lysozyme can be readily obtained (see Figure 4a). As
Figure 4a shows, the entire sequence of lysozyme has
been covered by the N- and C-terminal peptide ladders
with many overlapping bond breakage sites.

The above example demonstrates that peptide lad-
ders of proteins containing disulfide bonds can be
generated by performing MAAH in 3 M HCl, followed
by adjusting the solution pH and then DTT reduction.
There are reports of carrying out reduction and acid
hydrolysis in one step under a special circumstance
where a relatively mild acid, formic [18] or acetic acid
[19], was used to hydrolyze amide bonds involving
spectrum of Figure 1c.
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aspartic acid (D-cleavage) to generate a few peptides.
One report indicated that using insulin as a test protein,
the low pH used for the microwave D-cleavage (pH
1–2) was found to lower the efficiency of the microwave
disulfide bond cleavage, most likely due to thiol group
protonation [18]. In our work, we could not generate
any peptide ladders when DTT was added to the
protein solution containing 3 M HCl for MAAH.
Clearly, DTT in 3 M HCl does not work for the
reduction of disulfide bonds. Another reducing reagent,
tris(2-carboxyethyl) phosphine (TCEP), was also tested
in 3 M HCl MAAH, but failed to produce useful peptide
ladders for protein sequencing.

Interestingly, Figure 4a shows that there are some
gaps where bond breakage products were not detected
from the N- or C-terminal peptide ladders. For example,
the peptides corresponding to peptide bond breakage
between residue 27 (N) and residue 28 (W) were not
detected.

To investigate the possibility of generating different
hydrolysis maps that may provide complementary se-
quence information to MAAH, we used a strong base,
NaOH, as a hydrolysis reagent. We examined both the
effect of concentration and irradiation time on the
hydrolysis process. In our experiments, a stock solution
of 1 mg mL�1 of lysozyme was prepared and then
mixed with varying concentrations of NaOH. The mix-

Figure 4. Peptide bond hydrolysis maps of (a
followed by DTT reduction of the disulfide bon
time, (c) cytochrome c in 3 M HCl and 1 min irra
30 s irradiation time. (down arrow) Hydrolysi
peptide; (up arrow) hydrolysis site identified by
tures were individually hydrolyzed using different mi-
crowave irradiation times. The tested concentrations of
NaOH after mixing 1 to 1 (vol/vol) with the protein
sample were 0.5, 1, 2, and 3 M. Irradiation was per-
formed for 30 s, 1, 2, or 3 min. It was found that
microwave irradiation of the sample in 3 M NaOH was
degrading the Eppendorf vials. Therefore only concen-
trations of 0.5, 1, and 2 M NaOH were further tested.
For 30 s irradiation, mass spectra with good signal-to-
noise (S/N) ratios were obtained for all NaOH concen-
trations (see Figure 5). These spectra show peaks corre-
sponding to both N- and C-terminal ladders. The S/N
ratios in 0.5 and 1 M NaOH are very similar, although
a better sequence coverage was obtained in 1 M NaOH.
Increasing the concentration to 2 M did not improve the
sequence coverage and resulted in peaks with similar or
lower S/N ratios compared with 1 M NaOH.

For microwave-assisted base hydrolysis (MABH) of
lysozyme, optimization of the microwave irradiation
time was also important. It was found that as irradia-
tion time increased to 1 min, the best S/N ratio was
obtained when 0.5 M NaOH was used (see Supplemen-
tal Figure S1A). For 1 and 2 M NaOH, peaks with good
S/N ratios were detected in the low mass region
(�6,000 Da), but very low intensity peaks or no peaks
were observed for the higher mass region (Figure S1B
and C). Even though good S/N ratios were obtained for
1 min irradiation in 0.5 M NaOH, the sequence coverage

ozyme in 3 M HCl and 1 min irradiation time
) lysozyme in 1 M NaOH and 30 s irradiation
n time, and (d) cytochrome c in 1 M NaOH and
identified by the detection of the N-terminal

detection of the C-terminal peptide.
) lys
ds, (b
diatio
s site
was lower than for 30 s irradiation in 1 M NaOH. A
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further increase of the irradiation time to 2 min or even
3 min resulted in very low intensity or disappearance of
high mass terminal peptide peaks and the appearance
of internal peptide peaks (see Supplemental Figures S2
and S3). As all the intact protein was consumed after 2
or 3 min irradiation, the internal peptide peaks became
the dominant feature of the spectra. A long exposure to
the microwave radiation would eventually result in a
mixture of amino acids.

From the above results, it was concluded that the
optimal condition for MABH of lysozyme was using
30 s microwave irradiation in 1 M NaOH, i.e., the
MALDI-TOF mass spectrum shown in Figure 5b repre-
sents the best spectrum. The expanded spectra are
shown in Figure 6 with the corresponding hydrolysis
map shown in Figure 4b. It should be noted that this
optimal condition appears to be applicable to other
standard proteins. For example, Supplemental Figure
S4 shows the expanded mass spectra of the hydrolysate
from MABH of cytochrome c. Figure 4d shows the
MABH hydrolysis map of cytochrome c. For compari-
son, the MAAH hydrolysis map of cytochrome c is

Figure 5. MALDI-TOF mass spectra of the MA
time in (a) 0.5 M NaOH, (b) 1 M NaOH, and (c
shown in Figure 4c and the expanded mass spectra of
the MAAH hydrolysate are shown in Supplemental
Figure S5. Another example is shown in Supplemental
Figure S6 where the expanded mass spectra of the
hydrolysate from MABH of horse heart myoglobin
along with the hydrolysis map are displayed. It should
be noted that the hydrolysis maps are very reproduc-
ible; the MALDI-TOF mass spectral patterns and rela-
tive intensities of peaks from the protein hydrolysate in
replicate runs are almost identical.

There are several important observations related to
MABH of proteins. As in MAAH, base hydrolysis can
be controlled by using optimal base concentration and
microwave irradiation time to generate N- and C-
terminal peptides with no or little internal peptides.
Hydrolysis takes place in one peptide bond per protein
molecule for most protein molecules. Some internal
peptides may be observed, but their proportion is very
small compared with the terminal peptides (see, for
example, the spectrum shown in Figure 3). The pres-
ence of disulfide bonds in a protein, as in the case of
lysozyme, does not hinder the hydrolysis process. The
method of carrying out hydrolysis followed by DTT

hydrolysates of lysozyme after 30 s irradiation
NaOH.
BH
reduction for 1 h can also be applied to MABH for rapid
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sequencing of proteins. Although peptide ladders gen-
erated by MABH cannot be used to deduce the full
sequence of a protein, they can cover the entire se-
quence of a small protein (�20,000 Da), as can be seen
in Figure 4b and d for lysozyme and cytochrome c,
respectively. However, MABH MALDI-TOF MS detects
less than half of the peptide ladders observed in
MAAH. Thus, it is less capable of examining individual
amino acids of a protein to pinpoint specific amino acid
substitution/modification or of de novo sequencing of a
protein. Nevertheless, it is still a valuable tool for
providing complementary ladder sequencing informa-

Figure 6. Expanded m
tion to the MAAH method. For example, in the hydro-
lysis maps of lysozyme shown in Figure 4a (from
MAAH) and Figure 4b (from MABH), the N-terminal
ladder misses the steps between N27 and W28, L56 and
Q57, Q57 and I58, N65 and D66, T69 and P70, N74 and
L75, and L75 and C76 in the MAAH map, but they are
present in the MABH map. The C-terminal ladder
misses the steps between W108 and V109, N59 and S60
in the MAAH map and these steps are detectable in the
MABH map. Even for cytochrome c where MAAH has
already generated a very comprehensive map (Figure
4c), three missing steps in the N-terminal ladder, be-
tween N32 and L33, G57 and I58, and N71 and P72, are

pectrum of Figure 5b.
covered by the MABH map (Figure 4d). For the C-
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terminal ladder, seven missing steps in MAAH between
T90 and E91, E62 and E63, A52 and N53, R39 and K40,
F37 and G38, K23 and G24, and Q17 and C18 are
covered by the MABH map.

The difference observed in the MAAH and MABH
MALDI-TOF MS results reflects most likely the differ-
ence in the hydrolysis process of the two methods,
rather than the MS detection. If the same peptide
ladders had been generated by MAAH and MABH,
similar mass spectra would be expected. Ion suppres-
sion difference in MALDI analysis of the peptide mix-
tures cannot readily explain the vast difference in mass
spectral patterns observed from MAAH and MABH
hydrolysates. For example, no dominant peptide peaks
were found in the MAAH or MABH mass spectra and,
in both cases, peptide peaks span over a wide mass
range with decreasing signals for higher mass ion
detection. Apparently, MABH is more selective in hy-
drolyzing peptide bonds compared with MAAH. Cer-
tain bonds in a protein were more preferentially hydro-
lyzed in MABH, resulting in fewer terminal peptides
being formed. The acid [20] and base [21, 22] hydrolysis
reaction mechanisms are shown in Supplemental Figure
S7. Based on the reaction mechanisms alone, one cannot
predict which type of peptide bonds is more readily
hydrolyzed. Future work on analyzing a large number
of proteins may provide some statistical insight on the
specificity of bond breakage involved in MABH.

As shown in Figure 4, even acid hydrolysis does not
produce a complete sequence ladder. There appear to
be regions in the polypeptide chain not readily accessi-
ble to acid or base hydrolysis. One possibility for the
existence of these regions may be related to protein
aggregation where strong protein-protein interactions
in local domains may prevent the acid or base from
reacting with the peptide bonds therein. We have
examined this issue by using dynamic light scattering
(DLS) to monitor changes in the aggregation state under
the different solvent conditions. A summary of the DLS
results is shown in Table 1. In the case of cytochrome c
dissolved in sodium acetate buffer at pH 5.5, a mono-
disperse peak was observed in DLS and a hydrody-

Table 1. Hydrodynamic radii determined by dynamic light
scattering for cytochrome c and lysozyme under different
solvent conditions

Protein Solvent
RH

(nm)

Molecular Mass (kDa)

Estimateda Expected

Cytochrome
c (horse)

50 mM NaAc 1.7 12.1 12.3
3 M HCl 2.7b 34.3 —
1 M NaOH 2.0 17.9 —

Lysozyme
(hen egg
white)

50 mM NaAc 1.8 13.3 14.3
3 M HCl 1.7 10.9 —
1M NaOH 2.1 18.0 —

aEstimation is based on the assumption that the protein remains as
spherical molecule.
b
Unlike the other monodisperse peaks, this is a broad peak with 29%
polydispersity at the full width of the peak.
namic radius of 1.7 nm was determined, which gives a
predicted molecular mass of 12.1 kDa. This is very close
to the expected molecular mass of 12.3 kDa and shows
that the protein existed as a pure monomer. For cyto-
chrome c in 3 M HCl, a mean hydrodynamic radius of
2.7 nm was found with a relatively high polydispersity
of 29%. If we assume that the protein maintains a
spherical structure this gives a predicted molecular
mass of 34.3 kDa, which would indicate oligomeriza-
tion of the protein. However, an unfolded protein can
also increase the hydrodynamic radius. Thus, a solution
of cytochrome c in 3 M HCl might contain either a
mixture of properly folded molecules and partially or
fully unfolded conformers or a mixture of oligomers
and partially or fully folded/unfolded molecules. DLS
analysis of cytochrome c in 1 M NaOH showed a
monodisperse peak with a hydrodynamic radius of 2.0
nm, which indicates that the protein is monomeric. The
slightly higher hydrodynamic radius compared with
that found in pH 5.5 could indicate a partial unfolding
of the protein under highly basic conditions.

For lysozyme, no significant differences have been
observed between the different solvent conditions. The
DLS plot of lysozyme in 50 mM sodium acetate at pH
5.5 showed a hydrodynamic radius of 1.8 nm, which is
very close to the theoretical value of 1.9 nm and
indicates that the peak is corresponding to a pure
lysozyme monomer. Under the acidic conditions (3 M
HCl) the peak showed a hydrodynamic radius of 1.7
nm. The DLS plot for lysozyme under basic conditions
(1 M NaOH) showed a monodisperse peak with a
hydrodynamic radius of 2.1 nm, which is a clear indi-
cation that the lysozyme stays monomeric. However,
compared with the protein in 50 mM NaAc, it must be
partially unfolded as the measured radius (2.1 nm) is
slightly higher than 1.8 nm found in NaAc.

From the above DLS results, clearly protein oli-
gomerization or aggregation did not take place for
cytochrome c in 1 M NaOH or for lysozyme in 1 M
NaOH or 3 M HCl. For cytochrome c in 3 M HCl, no
conclusive evidence on oligomerization was present in
the DLS data. Note that MAAH of cytochrome c pro-
duced the most complete peptide sequence ladders.
Thus, it can be concluded that protein aggregation is
not the cause of regional preference in peptide bond
hydrolysis in both MAAH and MABH. At this stage, we
can only speculate that there are regions in the protein
sequence that form some unknown structures which pre-
vent either acid or base from accessing these regions for
hydrolysis. Alternatively, there is a possibility of corre-
lation between local sequence and resistance of amide
bond cleavage; analyzing a large number of proteins in
the future may provide statistically meaningful insight
on such a correlation.

Conclusions

We have developed a method of rapid sequencing of

proteins containing disulfide bonds. Instead of reduc-



1605J Am Soc Mass Spectrom 2010, 21, 1596–1605 MICROWAVE-ASSISTED HYDROLYSIS MS
ing the disulfide bonds overnight using a reducing
reagent, we apply 1 min of microwave-assisted hydro-
lysis to the protein, followed by 1 h of reduction of the
disulfide bonds in the hydrolysate to release the pep-
tides for MS analysis. We have also developed a method
of using a strong base as a catalyst for microwave-
assisted protein hydrolysis. Various experimental con-
ditions have been explored to optimize the performance
of this MABH method. We have shown that this
method provides complementary sequence coverage to
the MAAH method. One interesting observation was
that in both MAAH and MABH, hydrolysis of a few
amide bonds in the protein sequence was never ob-
served. Dynamic light scattering was carried out to
investigate the possible cause of this observation. Protein-
protein interaction or aggregation was not observed for
cytochrome c or lysozyme in an acid or base and thus
could not be the cause. We speculate the presence of
local secondary structures in certain regions of the
proteins that prevent acid or base interaction with the
amide bonds, resulting in the failure to hydrolyze these
amide bonds. Finally, we note that both MAAH and
MABH methods described in this work have been
successfully applied to generate ladder sequence infor-
mation from several recombinant prion constructs,
which provide some insight on the hydrolysis resis-
tance cores of the prion proteins [14]. Detailed analysis
of prion structures using our methods will be reported
in the future.
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