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Abstract
An efficient on-line digestion system that reduces the number of sample manipulation steps has been
demonstrated for high throughput proteomics. By incorporating a pressurized sample loop into a
liquid chromatography-based separation system, both sample and enzyme (e.g., trypsin) can be
simultaneously introduced to produce a complete, yet rapid digestion. Both standard proteins and a
complex Shewanella oneidensis global protein extract were digested and analyzed using the
automated on-line pressurized digestion system coupled to an ion mobility time of flight mass
spectrometer and/or an ion trap mass spectrometer. The system denatured, digested, and separated
product peptides in a manner of minutes, making it amenable to high-throughput applications. In
addition to simplifying and expediting sample processing, the system was easy to implement and no
cross contamination was observed among samples. As a result, the on-line digestion system offers a
powerful approach for high-throughput screening of proteins that could prove valuable in
biochemical research; for example, quick screening of protein-based drugs.

Introduction
Within the last decade, the development and use of a multidimensional liquid chromatography
(LC)- mass spectrometry (MS) based workflow for protein and peptide analysis has benefited
biological research as well as, the pharmaceutical, food and biotech industries1,2. Sample
preparation is typically one of the most time-consuming steps in the analysis workflow as it is
typically carried out manually and carries an associated risk of artifacts that include sample
contamination (e.g., keratins) and/or irreproducibility. Reducing these sources of error is
particularly important for samples that are often only available in limited quantities and sizes,
such as from clinical biopsies. Additional drawbacks to manual sample processing are the
potential for larger sample/reagent consumption and increased costs due to the labor involved.

Classical proteomics approaches generally involve enzyme hydrolysis of a protein (either
separated by polyacrylamide gels or in solution) followed by peptide identification using MS-
based peptide mass fingerprinting or using LC-MS/(MS). Enzymatic digestions can take up to
several hours to complete, although several methods based on high intensity focused ultrasound
have been shown to accelerate the digestion process.3, 4 Ultrasound-enhanced digestions are
usually performed off-line to ensure effective sonication, which makes the process difficult to
automate. Another strategy that aims at on-line protein digestion uses immobilized enzymes;
5,6 however, on-line digestions have rarely been used in an automated fashion due to issues
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associated with enzyme stability, clogging when using a solid trypsin bound matrix, and
changing organic solvent concentrations necessary for on-line separations in addition to the
reusability, longevity and durability of the immobilized enzyme7–9.

Herein we report the application of a fast on-line digestion system (FOLDS) that makes use of
high pressure to accelerate enzyme digestion 10, 11 12,13 and reduces sample processing time
to seconds rather than hours 14. The system consists of a flow injection LC system fitted with
a pressurized loop to which sample and protease (e.g., trypsin) are simultaneously introduced.
The protease effectively and rapidly digests the sample proteins and produces peptides for
subsequent MS-based analysis. The reduced analysis time compared to classical methods
makes it attractive for high-throughput proteomics. The performance of this system has been
evaluated, and initially demonstrated with three different MS-based systems in our laboratory.

Experimental
Materials and Reagents

Sequencing grade trypsin was obtained from Promega (Madison, WI). Bovine serum albumin
(BSA), Myoglobin, β-lactoglobulin, dithiothretiol (DTT), iodoacetamide (IAA), ammonium
bicarbonate, formic acid and HPLC grade solvents were purchased from Sigma-Aldrich (St.
Louis, MO).

Apparatus
The fluidic components of the system consisted of a 6–port injection valve with a 5 µL sample
loop and a 4–port valve (VICI Valco, Houston TX) rated to 15,000 psi. A 10,000 psi syringe
pump (Teledyne ISCO, Lincoln, NE) supplied mobile phases to the system. The FOLDS was
operated at pressures ranging from 0 up to 7000 psi and water was used as mobile phase. Details
regarding valve, port, and sample loop placement are shown in Figure 1. Several modifications
to the initial configuration (Figure la) were implemented to couple the system on-line to a mass
spectrometer. For the system illustrated in Figure 1b, a second syringe pump (KD Scientific,
Holliston, MA) filled with 90% acetonitrile and 1 % formic acid was used to re-acidify the
sample prior to ESI. In a third configuration (Figure 1c), the FOLDS was coupled to an Agilent
LC 1100 equipped with a nano-flow pump (Agilent Technologies, Santa Clara, CA). Peptides
were eluted using a gradient from 10 to 60% solvent B (Solvent A: 0.5% formic acid; Solvent
B: 0.5% formic, 80% acetonitrile).

Digestion Procedures
Proteins were solubilized in a 12.5 mM ammonium bicarbonate buffer (pH 8.2) and mixed
with sequencing grade modified trypsin in a 1:50 enzyme-to-substrate ratio. Bovine serum
albumin was first reduced with 10 mM DTT at 37 °C during 1 hour and alkylated with 50 mM
IAA at room temperature for 45 min. The Shewanella oneidensis sample was prepared as
described elsewhere 15 and used as a control. Otherwise, the soluble proteome was prepared
in the same way as described above. The mixtures were loaded into the pressurized system for
digestion, and digests were either collected for off-line experiments or analyzed directly using
MS.

System Operation
The steps involved in operating the FOLDS are summarized in Table 1. System functionality
is described according to three stages of sample processing: loading, digestion, and analysis
or collection. During the sample loading stage, the loop is initially filled with 5 µl of sample
and dissolved trypsin. To initiate protein digestion, the first valve is switched to the inject
position to pressurize the system to 7,000 psi. The liquid flow to the rest of the system is blocked
since the second valve is in the load position and the port is closed. In the digestion stage, the
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sample loop serves as a reaction chamber, and digestion is allowed to continue for 1 to 3 min.
When the pressure-assisted digestion is finished, the second valve is switched to the inject
position to initiate the sample analysis stage. The digested sample can be directly infused into
a mass spectrometer, collected for off-line analysis, or directed to a reversed phase column for
chromatographic separation.

MS Analysis
Initially the FOLDS was employed in an off-line mode (Figure 1a) to characterize digestion
efficiency. Samples were collected and dried down, and then resuspended in 10 µL of 40%
MeOH:Water, 0.1 % formic acid buffer. Samples were electrosprayed using a TriVersa
Nanomate (Advion Bioscienccs, Ithaca, NY) into a modified Bruker 12 Tesla APEX-Q FTICR
mass spectrometer, as previously described 16. A mass spectrum was recorded every 2 s, and
an average of three mass spectra was used for data analysis. For on-line applications, two
different set ups were used. In the first set up, the FOLDS (Figure 1b) was coupled to a platform
that incorporated a home-built IMS apparatus and Agilent 6210 oTOF mass spectrometer
(Agilent, Santa Clara, CA). The design of the IMS-oTOF analyzer has been described
elsewhere 17,18. In another set of experiments, the FOLDS (Figure 1c) was coupled to capillary
reversed phase LC-ion trap MS (LCQ or LTQ ion traps, Thermo-Fisher, San Jose, CA) and
operated as previously described19.

Data Analysis
For high resolution MS-only analyses, proteins were identified using the MASCOT search
engine,20 whereas the SEQUEST™21 database search engine was used for MS/MS analyses.
A previously published method19 was used to calculate error rates associated with peptide
identifications.

Results and Discussion
FOLDS, a fast on–line digestion system that takes advantage of high pressures to accelerate
enzyme activity10,11,13,22 was evaluated in a series of experiments. In the first experiment, 1
pmol of myoglobin in 12 mM ammonium bicarbonate with trypsin was injected into the system
(Figure 1a). The effect of pressure applied for a period of 1 min was evaluated for several
pressures between 0 and 7000 psi. Samples were collected in reaction tubes and analyzed using
ESI-chip-assisted direct infusion into a FTICR MS (Figure 2).

The use of FOLDS combined with ultra high resolution mass spectrometry allowed us to
simultaneously detect any non-digested intact proteins along with dominant proteolytic
peptides. When no pressure was applied, the eluted protein was detected with charge states
that ranged from 11–15. When pressure was increased to 500 psi, the high protein charge states
were still observed, but no peptide fragments. This finding is most likely due to a dramatic
change in the protein tertiary structure that resulted in protonation of previously unexposed
sites. In the third experiment, pressure was increased to 1000 psi. MS analysis revealed a
mixture of both peptides and the intact protein, which indicates that both digestion and
denaturation processes were occurring. At this pressure the peptides identified with less than
three missed cleavages provided 100% protein coverage (see supplementary info). Since it has
been previously demonstrated that complete digestion occurs in 1 min at 5000 psi 13, we
increased the pressure in the FOLDS to 7000 psi. Although the maximum pressure of the pump
is 10,000 psi, we chose the tower pressure of 7000 psi as a compromise between the tolerance
of the system and the speed of digestion. Complete protein digestion was achieved in 1 min,
where either no undigested protein or fragments with more than 3 missed cleavages were
detected (Figure 2 and Table 2).
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Since 7000 psi pressure facilitated complete and rapid digestion in 1 min, we further explored
digestion kinetics at reaction times of 30 s and 45 s (Figure 3) at 7000 psi. Figure 3 shows that
even at 30 s a satisfactory digestion was achieved, allowing protein identification through
peptide mass fingerprinting yielding 100% protein coverage. However, a small portion of
myoglobin remained intact. Consistent with the previous results, the intact protein was detected
with charge states 21 and 23 respectively, indicating that the protein is effectively denaturated.
For the 45 sec digestion, no remaining intact protein was detected and only one of the peptides
detected had 4 missed cleavages, and five had 3 missed cleavages. This findings show that
reasonably complete digestion can be achieved in only 45 sec. The results are summarized in
Table 3 together with the MASCOT scores. The combination of high mass accuracy and the
numerous peptides detected allowed unequivocal protein identification from data generated in
less than 1 minute. A longer one minute digestion provided 100% coverage, as well as peptides
with fewer missed cleavages.

These initial experiments showed rapid and effective protein digestion could be achieved in a
system amenable to fast and high-throughput applications; the next step was to examine direct
coupling with a high-throughput proteomics platform. The FOLDS was coupled to IMS-TOF
MS. The addition of an orthogonal separation such as ion mobility has some crucial advantages,
such as the mobility separation is performed in ~100 milliseconds and time of flight mass
spectra are generated in microseconds, allowing thousands of mass spectra per ion mobility
separation. For applications to highly complex mixtures, this combination can provide
improvements in the signal to noise ratio (e.g. due to separation of species different charge
states), and detection of otherwise unresolved conformers. In initial experiments the FOLDS
flow rate was relatively high (50 µL/min) and the sample loop only 10 µL, and we thus expected
a loss of sensitivity due to high flow rates, possible sample dilution and the use of 100% aqueous
mobile phase. To circumvent the last concern, an organic buffer (90% MeOH, 1% Formic acid)
delivered by an independent syringe pump was mixed with the FOLDS eluent at the ESI emitter
(Figure 4), to improve the ionization efficiency23. Back flow of the acidified solvent was
prevented by the higher pressure afforded by the FOLDS pump.

The FOLDS was investigated using myoglobin and 1 min pressure application (7000 psi) with
and without trypsin. Figure 5 shows the results obtained for IMS-TOF-MS analysis of the
digested myoglobin sample. Apparently, complete digestion was achieved, providing full
protein coverage and unequivocal protein identification. The total analysis time from the start
of injection to spectrum acquisition was < 90 sec. However, since the sample was pushed from
the loop at such a high flow rates, the real acquisition time for the mass spectrometer was less
than 10 sec. The key contributor to the speed of this analysis is the ability of the IMS-TOF MS
to separate ions quickly in the gas phase, based mainly on their charge and gas-kinetic cross
section. The IMS separation allowed differentiation between two peptides with close m/z
(Figure 6a), and revealed the respective isotopic distributions (Figure 6b). We additionally
evaluated this system in the analysis of an equimolar mixture of myoglobin and β-lactoglobulin
(1 pmol each), as depicted in Figure 6c. Peptide mass fingerprinting identified both proteins
with high MASCOT scores and yielded high protein coverage (Table 4).

One of the limitations of the FOLDS in the on-line direct infusion configuration is the use of
salts and chaotropes, commonly used in sample processing, which can increase chemical noise,
and reduce ionization efficiency. Additionally, as the complexity of the protein mixture
increases, the confidence of protein identification using a peptide mass fingerprinting approach
can decrease, and an additional separation step is often desirable. Coupling the FOLDS to
reversed phase LC allows for desalting the post-digestion sample and decreases the complexity
of individual MS scans facilitating more detailed analyses, such as with “shotgun” MS/MS24

or the AMT tag25 approaches. For this experiment, 10 pmol of BSA was reduced and alkylated
in 8 M urea, diluted 10- fold with 12.5 mM ammonium bicarbonate, and mixed with trypsin.
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1 pmol of the resulting sample was injected into the FOLDS. After 1 min digestion at 7000
psi, the peptide products were loaded onto a reverse-phase LC column at a flow rate of ~10
µL/min and then separated using a 20 min gradient (see Experimental section). The LC effluent
was analyzed using an LCQ mass spectrometer in the MS/MS mode. High protein coverage
(~70% of the amino acid sequence) was achieved and the 48 identified peptides were
homogenously distributed across the protein sequence (Figure 7a), and similar to an overnight
digestion.

As our previous study with myoglobin showed that pressure denatures proteins and
concurrently accelerates reaction kinetics, a second experiment was performed to evaluate the
effect of denaturation. S. oneidensis protein extracts were digested using a “conventional”
thermomixer-based protocol and the FOLDS, with and without previous reduction and
alkylation. S. oneidensis was used as the model system because bacteria are known to have a
very low cysteine content26 which translates to few disulfide bridges, making it easier to study
the role of pressure in protein denaturation. The use of the bacterium also allowed us to show
that FOLDS is useful for analyzing complex protein mixtures. For the conventional protocol,
a 10 µL aliquot containing 5 µg of S. oneidensis protein extract was digested with trypsin for
5 h at 37 °C and at ambient pressure without addition of chaotropes and without reduction/
alkylation of the proteins. For the analogous fast on-line digestion, the soluble portion of the
proteome was resuspended in 25 mM ammonium bicarbonate to which trypsin was added in
a 1:50 enzyme:protein ratio, and then a 5 µg total protein sample was injected into the FOLDS
and digested at 7000 psi for 1 min. The number of peptides identified from the conventionally-
processed sample was less than the number identified from the FOLDS-processed sample. In
this case, two aliquots of 25 µg of the S. oneidensis sample was reduced and alkylated in the
presence of 8 M urea and then 5 µg subjected either to conventional trypsin digestion as
described above or to FOLDS. In this case, the number of identified peptides with the
conventional procedure that included reduction and alkylation was similar to that obtained with
the FOLDS (Figure 7c). Remarkably, the number of peptides identified using FOLDS without
reduction and alkylation was slightly lower compared to the number of peptides identified in
experiments that involved denaturation and alkylation steps before digestion. However, the
number of identifications was within the error margins expected for a shotgun proteomics
experiment between different replicates.27 The number of identified cysteine-containing
peptides was in the same range for all experiments. On the basis of this study, we hypothesize
that in addition to accelerating digestion rates, increased pressure also acts to speed protein
denaturation and facilitate formation of the complex between the enzyme molecules and the
substrate, without the addition of a chaotrope. The results indicate trypsin remains active
consistent with its stability for elevated temperatures 28.

Conclusions
A fast on-line digestion system (FOLDS) was evaluated in conjunction with several different
high throughput proteomics platforms, using both off-line and on-line sample introduction
schemes. The high pressure system accelerates proteolysis, which eliminates the need for
extended incubation times for effective protein digestions. FOLDS coupled to IMS-TOF MS
provides an analysis platform with the capacity to rapidly detect large numbers of peptide ions,
which is useful for single protein characterization or monitoring. An automated version of
FOLDS 29 could prove valuable for ultra-fast high-throughput analyses or as a diagnostic/
clinical tool (e.g., quick screening or characterization of environmental samples or rapid and
early detection of disease biomarkers in blood, urine, or saliva). Its implementation would also
reduce costs and decrease analysis time substantially since many sample preparations steps
would be eliminated without a loss of data quality. In addition, we demonstrate for the first
time the application of pressurized systems for complete on-line protein digestion for LC-MS/
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MS proteomics experiments. The evaluation of the system for a range of applications is
currently underway in our group.

Abbreviations
DTT, Dithiothretiol; ESI, Electrospray Ionization; IAA, Iodoacetamide; IMS, Ion Mobility
Mass Spectrometry; IT, Ion trap; MeOH, Methanol; MS/MS, Tandem Mass Spectrometry;
FOLDS, Fast On-Line Digestion System; oTOF, Orthogonal Time-of-Flight; RP, Reversed
Phase.
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Figure 1.
Schematic diagram of the fast on-line digestion system (FOLDS). The components include a
syringe pump, and two six port injection valves. The valves are shown in the positions
corresponding to the stage of experiment, a) Off-line set-up used with an FTICR MS. b) FOLDS
coupled to a IMS-o-TOF MS instrument. A secondary syringe pump was needed to re-acidify
sample prior to MS-analysis. c) FOLDS coupled to an LC-MS system. A RPLC separation
column was coupled to the second six port valve and an ion trap was used for signal detection.
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Figure 2.
Upper panel shows the schematic workflow of the analysis. Sample loop was loaded with
myoglobin and trypsin and pressurized during 1 min. The off-line samples were then analyzed
using an T FTICR mass spectrometer. The lower panels show the corresponding spectra
obtained when the sample was not pressurized (0 psi) or pressurized at 500 psi, 1000 psi or
7000 psi. Myoglobin charge states are indicated.
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Figure 3.
Comparison of the mass spectra obtained from FOLDS trypsin digestion of myoglobin as a
function of the elapsed time at a pressure of 7000 psi.
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Figure 4.
Upper panel: Experimental setup for on-line coupling of the FOLDS to a IMS-oTOF MS.
Lower panel: Schematic diagram of the mixing of aqueous and organic buffer solutions at the
ESI tip.
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Figure 5.
Two dimensional map obtained in the course of IMS-TOF MS experiments with 1 pmol of
myoglobin digested with the FOLDS. a) Myoglobin spectra obtained without pressurization
of the reaction loop. b) Myoglobin spectra at pressure of 7000 psi for 1 min, no trypsin used.
c) Myoglobin spectra at a pressure of 7000 psi for 1 min, sample mixed with trypsin in the
reaction loop.
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Figure 6.
a) Summed IMS-TOF MS spectra of the peptides shown in Figure 6b. The summed mass
spectra demonstrate an overlap m/z domain. b) Reconstructed, multiplexed IMS-TOF MS
spectra for peptides HPGDFGADAQGAMTK and KHGTVVLTALGGILK. Signal of each
peptide was acquired in 200 IMS-TOF MS averages. c) Two dimensional IMS-TOF MS map
and the summed mass spectrum obtained with an equimolar mixture of β-lactoglobulin and
myoglobin.
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Figure 7.
Experiments with the FOLDS coupled to an RPLC-ITMS system, a) shows the base peak
chromatogram obtained for 1 pmol of reduced and digested BSA after 1 min digestion. On the
right, the protein coverage obtained after the MASCOT search. The portions of the sequence
in red correspond to the identified peptides. b) Base peak chromatogram obtained in the LC-
MS/MS analysis of Shewanella onidensis proteome sample after 1 min digestion with the
FOLDS. c) Histogram comparing the number of identified peptides in the four analyzed
samples at a 1 % false discovery rate following SEQUEST analysis. Horizontal line filled bars
correspond to experiments without denaturation and alkyiation before digestion. Diagonal line
filled bars correspond to those experiments where denaturation and alkylation was carried out
before digestion. Error bars represent 15% error for one experiment.
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Table 4
Peptide mass fingerprinting results for a mixture of myoglobin and β-lactoglobulin digested using FOLDS (1 min at
7000 psi) and subsequently analyzed using IMS-oTOF-MS obtained using MASCOT search engine.

Protein Total Score Expectation
Value

Number of Peaks
Matched to

Peptides

% Protein
Coveragea

Mixture 1 164 2.3e-12 24

MYG_EQUBU 103 2.9 e-06 14 80

LACB_BOVIN 57 0.12 10 37
a
Percentage of the amino acid sequence of the protein covered by the identified peptides.
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