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Abstract: Recent developments and improvements of multiple technological elements including mass

spectrometry (MS) instrument, multi-dimensional chromatographic separation, and software tools processing MS

data resulted in benefits of large scale proteomics analysis. However, its throughput is limited by the speed

and reproducibility of the protein digestion process. In this study, we demonstrated a new method for rapid

proteolytic digestion of proteins using acoustic technology. Tryptic digests of BSA prepared at various conditions

by super acoustic for optimization time and intensity were analyzed by LC-MS/MS showed higher sequence

coverage in compared with traditional 16 hrs digestion method. The method was applied successfully for complex

proteins of a breast cancer cells at 30 min of digestion at intensity 2. This new application reduces time-

consuming of sample preparation with better efficiency, even with large amount of proteins, and increases high-

throughput process in sample preparation state.
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1. Introduction

Since the early 1990s, the term of ‘“Proteomics”
was coined by Marc Wilkins. Proteomics attempts to
explain the information contained in gene sequences
by systematic analysis of the proteins expressed in a
cell or tissue. A prevailing method of proteomics
analysis is as following: Proteins mixture which
extracted from the raw samples is fragmented by
proteolytic enzymes, the resulting peptides mixture
is separated and subsequently analyzed by mass
spectrometry (MS).!?

During the last decade, the robust development of
analytical proteomics techniques including MS, multi-
dimensional chromatographic separation, and bioin-
formatics software for MS data processing has benefited
faster and higher-throughput protein identification
and characterization.® However, a significant bottleneck
in the analysis pipeline is the sample-preparation
stage, which is very important but has no dominant
breakthroughs for a long time. Until now, sample
preparation is still the most time-consuming and
non-reproductive procedure in the analysis workflow.

Following the principle of MS instrument, protein
sequencing by using collisionally induced dissociation
is best accomplished by sequencing peptides instead
of intact proteins.® Therefore, the first step in the
process of sample preparation is to divide the protein
of interest into a representative series of peptides.
For a long time, enzymatic hydrolysis is the most
common method for this purpose.” Each protease has
its own unique action mechanism, in which, trypsin,
specifically hydrolyzes peptide bonds at the carboxyl
side of Lysine (K) and Arginine (R) residues, except
when those bonds are to Proline (P) residues.
Interestingly, the spacing of K and R residues in
many proteins is such that many of the resulting
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peptides are of a length well-suited to MS analysis.
In addition, the protonation of those two sites which
are two ends of the peptide makes high charged state,
which is advantageous in MS ionization process. As a
consequence, trypsin is by far the most widely used
protease in proteomic studies.’

The traditional digestion protocol can take up to
several hours to overnight because it requires extended
incubation times.*? It is a result of ensuring completed
hydrolysis when using low concentration enzyme to
avoid the auto-digestion of trypsin, which might
produce undesired trypsin fragments and complicate
the protein complex.'

To improve the problem of long-time-consuming
digestion processes, in recent years, several approaches
have being developed for rapid-proteolytics. A
promising approach was studied so far is micro-
wave-assisted protein enzymatic digestion (MAPED).!!
Another strategy that aims at off-line proteolysis uses
laser radiation which requires specific MALDI-TOF
MS instrument."?

Immobilized trypsin is one of the earliest methods
was applied in order to reduce auto-digestion of trypsin,
allowing higher concentration in using trypsin and so
require shorter incubation time. Moreover, it is very
easy to remove the immobilized enzyme from peptides
mixture prior to MS analysis, eliminating the “noise”
of MS results.” On the other hand, trypsin which is
fixed on the static surface results in the easier
interactions between enzyme and target proteins,
increase the catalytic function. There are many
reports indicated the possibility of protein digestion
using trypsin immobilized on various support,
including porous silicon matrix,"* glass,'* gel bead,"
polymer,'® sol-gel supports,!” membrane,'® and porous
monolithic materials.'® These methods process online
protein digestion during liquid chromatography with a
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high pressure proteolytic reactor which denatured,
digested and separated product peptides in a manner
of minutes. Although it has many advantages and
incubation time for complete digestion reduces as
well, the issues of this approach is associated with
clogging solid trypsin bound matrix or enzyme
stability.” Moreover, small sample-loading capacity
is the drawback of every online system in detection
low-abundance target proteins. As a consequence, it
limits the large-scale clinical proteomics, especially
post-translational modification studies.

In this study, we would like to introduce a new
method for rapid proteolytic digestion of protein
using acoustic technology called The Covaris Adaptive
Focuses Acoustics (AFA). This system was developed
by Covaris technological company (USA). Similar
to sonication, Covaris AFA also extracts proteins
from cell base on acoustic process. Several keys
make Covaris AFA to become a stronger tool in
comparison with sonication are more controllable
wavelengths and isothermal ability. Therefore, at the
same time, it can not only create samples homo-
genization very quickly but also protect proteins
mixture from degradation.

The most prominent characteristic of this system is
sending acoustic energy wave packets from a dish-
shaped transducer that converges and focuses to a
small-localized area. At this focal point, the energy
density may be controllably focused into the sample
of interest which has proven to be beneficial to
numerous applications of sample preparation. Sample
vessel is placed in the water bath. The water bath
temperature is controlled that the circulator will
pump a temperature-controlled fluid through a stainless
steel loop immersed in the water bath. Essentially,
the process enables mechanical energy to be applied
to a sample without directly contacting the sample.*!

In associated with in-solution proteolysis in different
time conditions, we demonstrate that acoustic technology
offers rapid digestion in just only 30 minutes with
higher sequences coverage. This new application
reduces time-consuming of sample preparation, even
with large amount of proteins, and increases high-
throughput process in sample preparation state.

2. Experimental

2.1. Equipment set-up

The water bath holds approximately 1.6 liters of
distilled or deionized water. The temperature range is
from 5°C to 40 °C which is controlled by hooking
up an external recirculating chiller to the ports in the
back of the system. A temperature sensor is to ensure
the isothermal of water. Sample is added into sample
vessel, which is placed in the water bath via sample
holder. Acoustic transducer induces acoustic energy
wave for protein extraction and rapid digestion. A
computer which is set up with a specific software is
connected directly to the super acoustic system. The
main panel configures up to four different treatments
as user wants (Fig. 1).

2.2. Materials and reagents

Sequencing-grade trypsin was purchased from
Promega (Madison, WI). Six standard proteins (Bovine
serum albumin (BSA), a-amylase, Transferrin,
Myoglobulin, B-lactoglobulin, B-casein), iodoacetamide
(IAA), ammonium bicarbonate, trizma base and
formic acid (FA) were obtained from Sigma-Aldrich
(St. Louis, MO). Urea was ordered from Amresco
(Solon, OH). TCEP and BCA assay kit were purchased
from Pierce (Rockford, IL). HPLC grade solvents
were bought from J. T. Baker (Phillipsburg, NJ). C18
ultra micro spin columns were purchased from Harvard

Fig. 1. The super acoustic system operation. The components
include a water bath with temperature controller
function, sample vessel and connected computer.
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apparatus (Holliston, MA). Breast cancer cell line
HS578T was quantitated by BCA method and analyzed
as application data.

2.3. Digestion procedures

Protein samples were first resuspended by 8 M
Urea and reduced with 5 mM TCEP at 37 °C during
30 min and alkylated at room temperature for 1 hour
in the dark with 15 mM IAA. Sample solution could
be split into several units with the same volume for
an experiment in different conditions. Tris pH 8.3
was used to dilute concentration of Urea to 2 M and
adjust pH of solution from 8 to 9 for trypsin reaction.
Digestion was performed by adding trypsin into the
protein solution at a substrate-to-enzyme ratio of
25:1 (w/w) either by current incubation method at
37 °C overnight or Covaris instrument. In the case of
Covaris instrument, digestion was performed at
different times (5, 10, 30, 45, and 60 min) or different
intensity, at 37 °C, duty cycle 10%, cycle/burst 200,
and 60 sec/cycle. The pH of the sample solutions
was immediately adjusted between 2 and 3 after
digestion step by adding formic acid to stop the
trypsin activity. The peptide samples were cleaned
up using C18 commercial micro spin column following
company’s protocol

2.4. LC-MS/MS analysis
Dried peptides were resuspended by 0.1% FA and

separated in a capillary column packed with C18 at a
flow rate of 0.3 puL/min. we used an LC-MS/MS
system with reverse phase (RP)-LC comprised of a
Surveyor MS pump (Thermo Electron, San Jose,
CA) for LC, a Spark auto sampler (EMMEN, The
Netherlands), and a Finnigan LTQ linear ion trap
mass spectrometer (MS) (Thermo Electron, San
Jose, CA) equipped with nanospray ion (NSI) sources.
The gradient was started at 2% B and a linear
gradient to 60% B was achieved in 53 min, and then
ramped to 80% B in 7 min and to 100% A over the
next 30 min. The mass spectrometer was operated in
a data-dependent mode (in a range of m/z 400-1600)
in which each full MS scan was followed by five
MS/MS scans where the five most abundant peptide
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molecular ions were dynamically selected from the
prior scan for collision-induced dissociation (CID)
using a normalized collision energy of 35%. The
temperature of the heated capillary and electrospray
voltage were at 200 °C and 2.1 kV, respectively. To
verify the reproducibility of our acoustic method,
peptide samples were analyzed by 6520 Accurate-
Mass Q-TOF LC/MS (Agilent Technologies, DE)
with the same LC gradient at an electrospray potential
of 1.8 kV. A drying gas flow of 5 L/min, and the
fragmentor of 175 V were used. The qTOF was set
to perform data acquisition in the positive mode that
the m/z range of 100-3000 was used in the MS/MS
scan.

2.5. Data analysis
The raw MS/MS data obtained from the LC-MS/

MS analysis were format-converted by Trans-
Proteomics Pipeline. Protein identification was
performed using Computational Proteomics Analysis
System (CPAS) search engine, version 9.1, and
Thermo Proteome Discoverer, version 1.1.0.263.
Trypsin was selected as protein cleavage specificity.
Database searching of BSA was performed in
International Protein Index (IPI) 17 standard mixtures
(ipi.protein1 7mix.fasta). Six standard proteins mixture
was searched using The Standard Protein Mix Database
form Institute for Systems Biology (http:/regis-
web.systemsbiology.net/PublicDatasets/). The complex
protein samples were run against the IPI human
database (version 3.52). Database search parameters
included dynamic modification for oxidation of Met
and for carbamidomethylation of Cys. The database
search was performed with precursor and peptide
mass tolerance of 50 ppm and 20 ppm respectively.
PeptideProphet and Protein Prophet were used to
evaluate the quality of peptide and protein identification
with error rate less than 1%.

3. Results and Discussion

3.1. Optimization
Rapid proteolysis by the acoustic system was
compared to the traditional incubation method by
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LC-MS/MS analysis for BSA. In Fig. 2, the base
peak chromatograms of BSA digests were shown for
the conditions of different digestion time. Although
there are some differences in peak patterns between
normal and rapid digestion methods, the similar
profiles of chromatogram including same main peaks
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are achieved, even at 5 minutes digestion in the super
acoustic system. It indicates that highly common
peptides were formed despite the approximately 200
fold difference in processing time and the rapid digestion
by the Covaris device was effectively carried out.
However, there are distinctive differences in the
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Fig. 2. Base peak chromatograms of BSA digests obtained at different digestion time-conditions. Samples were digested with
Covaris instrument at the same intensity (0.5) in the period of (a) 5 min, (b) 10 min, (¢) 30 min, and (d) 60 min,
and (e) 16 hr incubation at 37 °C respectively.
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peak areas of chromatograms, increased peak areas
as digestion time decreases. This indicates that the
digestion efficiency by the acoustic device is not as
high as the normal digestion process, and generates
significant amounts of peptides having missed
cleavages. To systematically investigate this problem,
MS/MS spectra were extracted from the chromato-
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Fig. 3. Comparison of digestion efficiency of traditional and
acoustic approach. Samples were digested with Covaris
instrument at the same intensity (0.5) in the period
of 5 min, 10 min, 30 min, and 60 min, and 16 hr
incubation at 37 °C respectively. (a) Number of
identified peptides, (b) BSA sequence coverage (%),
(c) Number of missed cleavages, using X! Tandem
search engine (p<0.05).
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grams and analyzed by X!Tandem search engine,
and the results are shown in Fig. 3. The numbers of
identified peptides at different time conditions were
similar, even the rapid methods showed better results
at 30 minutes or 60 minutes (Fig. 3a). Additionally,
digested peptides provided from Covaris system in
most cases (10 minutes, 30 minutes, 60 minutes)
show higher percent of BSA sequence coverage in
comparison with 16 hours digestion. Especially, at
30 minutes condition, the histogram represents the
maximum coverage, 85.7%, much higher than in
traditional incubation (p < 0.05) (Fig. 3b). It suggested
that the super acoustic technology can be a useful
protocol especially in post-translational modification
study requiring high percent in coverage sequence.

However, one drawback of rapid digestion as
predicted in Fig. 2 and shown in Fig. 3 is the high
rate of missed cleavages generation, about 50%
instead of 20% in the normal method. This finding
assumes that the complete digestion perhaps cannot
be achieved by Covaris at intensity 0.5. Though it
has no effects in peptide identification, quantitative
proteomics measuring relative peptide abundance
changes should not be processed in this condition,
because proteins quantification basically requires
highly reproducible peptide generation for accurate
quantitative measurements.

In order to find out the solution for missed cleavages
generation problem and optimize conditions for rapid
digestion protocol using Covaris system, proteolytic
efficiency was tested by changing acoustic intensity in
the range of 0.5 to 4. The same sets of BSA were
digested by 16 hours incubation or new method
which was set at different intensity conditions: 0.5, 1,
2, 3, 4 and 6 for 30 minutes.

As shown in Fig. 4a, among ranges of intensities
parameter, the number of identified peptides results
at intensity 2 or 3 is better with similar number of
unique peptides but higher ratio of unique peptides
over total identified peptides (60/885 and 53/522
respectively). Especially, these ratios are much higher
than in conventional incubation method. In addition,
digestion efficiency was still guaranteed by approximate
percent of sequence coverage at different conditions
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(Fig. 4b). Considering missed cleavages problems, it
is definitely improved by increasing the intensity
from 0.5 to 2-4, and the consequence is the similar
results between new and the normal digestion approach,
suggesting for complete fragmentation (Fig. 4c).

On the other hand, it assumes that the number of
unique peptides decreases when the intensity increases.
It is due to missed cleavages were perfectly cut at
cleavage sites into smaller fragments. The cleavage
sites that remain at low intensity were cut off and
new peptides have same sequenced with identified
peptides, results in decreasing the number of unique
peptides.

In overall, the condition of intensity 2 or 3 for 30
minutes is demonstrated as optimized conditions for
Covaris system setting in rapid acoustic digestion which
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Fig. 4. BSA digestion by Covaris system at: Duty cycle:
10%, Time: 30 min, Cycle/burst: 200, intensity
conditions: 0.5, 1, 2, 3, and 4 respectively, or at 16
hours incubation. MS/MS data were searched by
X!Tandem program. (a) The number of identified
peptides, (b) Percent of amino acid sequence coverage,
(c) The number of missed cleavages at different
digestion condition.

is applied effectively in high-throughput proteomics.

3.2. Reproducibility
To test the reproducibility of acoustic system in

rapid digestion, 3 sets of 6 standard proteins mixture
(BSA, B-lactoglobulin, Myoglobulin, Transferrin, f-
casein, o-amylase) were processed separately at the
same digested conditions by Covaris at intensity 2 in
30 minutes, cycle/burst: 200, duty cycle: 10%.
Commercial search engine Thermo Proteome Discoverer
(version 1.1.0.263) was used in MS/MS spectra
analysis. The results showed the high reproducibility
of proteolysis processed by acoustic technology with
similar number of total unique peptides and number
of unique peptides obtained from 3 different times of
experiments (Fig. 5). High percent of sequence
coverage for each protein was also achieved, especially
much more than 60% with BSA, B-lactoglobulin,
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Fig. 5. The reproducibility of acoustic method in rapid
digestion. 3 sets of 6 standard proteins mixture were
digested by Covaris system at the same conditions:
Duty cycle: 10%, Time: 30 min, Cycle/burst: 200,
intensity: 2. MS/MS data were searched by Thermo
Proteome Discoverer 1.1.0.263 program. (a) The
number of unique peptides. (b) The number of unique
peptides observed by each standard protein. (c)
Percent of amino acid sequence coverage of each
standard protein.
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Myoglobulin (Fig. 5c). Considering in details, the
results showed a little difference in the number of
identified peptides for each standard protein in three
mixtures but their sequence coverage was approxi-
mately the same. It can be explained by miss-cleavages
in sample 3, but it was not involved in protein
identification.

3.3. Application for real sample

The initial experiments showed rapid and effective
protein digestion could be achieved in a Covaris
system, the next step was to examine direct coupling
with a high-throughput proteomics platform on a
real-complex protein mixture. Breast cancer cell line
HS578T was reduced and alkylated, then digested by
incubation with trypsin in 16 hours as usual or using
acoustic technology in 30 min.

The chromatograms in Fig. 6 showed very clear
similar peak patterns of peptides provided from two
different digestion conditions. Moreover, in the case
of 30 min with Covaris system, X!Tandem database
searching identified larger amount of peptides and
proteins as shown in Fig. 7. It was estimated that
complete digestion was achieved by super acoustic
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Fig. 7. Data analysis of HS578T at 2 different digestion
processing using X!Tandem search engine. Samples
were digested with Covaris instrument in 30 min,
intensity 0.5 and 16 hr incubation at 37 °C respectively.
(a) Number of identified peptides. (b) Number of
identified proteins.
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method, providing unequivocal protein identification
for high-throughput proteomics analysis of complex
protein mixtures.

4. Conclusion

In this study, we applied an acoustic technology
for rapid protein digestion by using Covaris system
and optimized operating method and parameters.
The controllable wavelengths accelerate proteolysis,
which not only eliminates the need for extended
incubation time but also increases the digestion
efficiency. In addition, by optimization time and
intensity condition for acoustic, it enabled protein
mixtures to be fragmented in 30 minutes, intensity 2
with higher sequence coverage, than standard protocol.
For large scale clinical proteomics research, we also
demonstrated rapid method worked well, but 30
times faster. This acoustic system we present here
simplified the samples preparation procedure and
will be helpful for the application of high-throughput
analysis.
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