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Pressurized Pepsin Digestion in Proteomics

AN AUTOMATABLE ALTERNATIVE TO TRYPSIN FOR INTEGRATED TOP-DOWN BOTTOM-UP PROTEOMICS*(S]
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Integrated top-down bottom-up proteomics combined
with on-line digestion has great potential to improve the
characterization of protein isoforms in biological systems
and is amendable to high throughput proteomics experi-
ments. Bottom-up proteomics ultimately provides the
peptide sequences derived from the tandem MS analyses
of peptides after the proteome has been digested. Top-
down proteomics conversely entails the MS analyses of
intact proteins for more effective characterization of ge-
netic variations and/or post-translational modifications.
Herein, we describe recent efforts toward efficient inte-
gration of bottom-up and top-down LC-MS-based pro-
teomics strategies. Since most proteomics separations
utilize acidic conditions, we exploited the compatibility of
pepsin (where the optimal digestion conditions are at low
pH) for integration into bottom-up and top-down pro-
teomics work flows. Pressure-enhanced pepsin diges-
tions were successfully performed and characterized with
several standard proteins in either an off-line mode using
a Barocycler or an on-line mode using a modified high
pressure LC system referred to as a fast on-line digestion
system (FOLDS). FOLDS was tested using pepsin and a
whole microbial proteome, and the results were com-
pared against traditional trypsin digestions on the same
platform. Additionally, FOLDS was integrated with a Re-
Play configuration to demonstrate an ultrarapid inte-
grated bottom-up top-down proteomics strategy using a
standard mixture of proteins and a monkey pox virus
proteome. Molecular & Cellular Proteomics 10: 10.1074/
mcp.M110.001479, 1-11, 2011.

In-depth characterization and quantitation of protein iso-
forms, including post-translationally modified proteins, are
challenging goals of contemporary proteomics. Traditionally,
top-down (1, 2) and bottom-up (3, 4) proteomics have been
two distinct analytical paths for liquid-based proteomics anal-
ysis. Top-down proteomics is the mass spectrometry (MS)-
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based characterization of intact proteins, whereas bottom-up
proteomics requires a chemical or enzymatic proteolytic di-
gestion of all proteins into peptides prior to MS analysis. Both
strategies have their own strengths and challenges and can
be thought of as complementary rather than competing ana-
lytical techniques.

In a top-down proteomics approach, proteins are usually
separated by one- or two-dimensional liquid chromatography
(LC) and identified using high performance MS (5, 6). This
approach is very attractive because it allows the identification
of protein isoforms arising from various amino acid modifica-
tions, genetic variants (e.g. single nucleotide polymorphisms),
mRNA splice variants, and multisite modifications (7) (e.g.
specific histone modifications) as well as characterization of
proteolytic processing events. However, there are several
challenges that have limited the broad application of the
approach. Typically, intact proteins are less soluble than their
peptide complement, which effectively results in greater
losses during various stages of sample handling (i.e. limited
sensitivity). Similarly, proteins above ~40-50 kDa in size are
more difficult to ionize, detect, and dissociate in most high
throughput MS work flows. Additionally, major challenges
associated with MS data interpretation and sensitivity, espe-
cially for higher molecular mass proteins (>100 kDa) and
highly hydrophobic proteins (e.g. integral membrane pro-
teins), remain largely unsolved, thus limiting the applicability
of top-down proteomics on a large scale.

Bottom-up proteomics approaches have broad application
because peptides are easier to separate and analyze via LC
coupled with tandem mass spectrometry (MS/MS), offering a
basis for more comprehensive protein identification. As this
method relies on protein digestion (which produces multiple
peptides for each protein), the sample complexity can be-
come exceedingly large, requiring several dimensions of chro-
matographic separations (e.g. strong cation exchange and/or
high pH reversed phase) prior to the final LC separation (typ-
ically reversed phase (RP)' C,g), Which is oftentimes directly
coupled with the mass spectrometer (3, 8). In general, the
bottom-up analysis rarely achieves 100% sequence coverage

" The abbreviations used are: RP, reversed phase; FOLDS, fast
on-line digestion system; PTM, post-translational modification; SPE,
solid phase extraction; T, tesla; DO, dual on-line.
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of the original proteins, which can result in an incorrect/
incomplete assessment of protein isoforms and combinatorial
PTMs. Additionally, the digested peptides are not detected
with uniform efficiency, which challenges and distorts protein
quantification efforts.

Because the data obtained from top-down and bottom-up
work flows are complementary, several attempts have been
made to integrate the two strategies (9, 10). Typically, these
efforts have utilized extensive fractionation of the intact pro-
tein separation followed by bottom-up analysis of the col-
lected fractions. Results so far have encouraged us to con-
sider on-line digestion methods for integrating top-down and
bottom-up proteomics in a higher throughput fashion. Such
an on-line digestion approach would not only benefit in terms
of higher sample throughput and improved overall sensitivity
but would also allow a better correlation between the ob-
served intact protein and its peptide digestion products,
greatly aiding data analysis and protein characterization
efforts.

So far, however, none of the on-line integrated methods
have proven robust enough for routine high throughput anal-
yses. One of the reasons for this limited success relates to the
choice of the proteolytic enzyme used for the bottom-up
segment. Trypsin is by far the most widely used enzyme for
proteome analyses because it is affordable (relative to other
proteases), it has been well characterized for proteome re-
search, and it offers a nice array of detectable peptides due to
a fairly even distribution of lysines and arginines across most
proteins. However, protein/peptide RPLC separations (opti-
mal at low pH) are fundamentally incompatible with on-line
trypsin digestion (optimal at pH ~ 8) (11, 12). Therefore, on-
line coupling of trypsin digestion and RPLC separations is
fraught with technological challenges, and proposed solu-
tions (12) have not proven to be robust enough for integration
into demanding high throughput platforms.

Our approach to this challenge was to investigate alterna-
tive proteases that may be more compatible with automated
on-line digestion, peptide separation, and MS detection. Pep-
sin, which is acid-compatible (i.e. it acts in the stomach to
initially aid in the digestion of food) (13), is a particularly
promising candidate. This protease has previously been suc-
cessfully used for the targeted analyses of protein complexes,
hydrogen/deuterium exchange experiments (14, 15), and
characterization of biopharmaceuticals (16, 17). Generally,
pepsin preferentially cleaves the peptide bond located on the
N-terminal side of hydrophobic amino acids, such as leucine
and phenylalanine, although with less specificity than the
preferential cleavage observed for trypsin at arginine and
lysine. The compatibility of pepsin with typical LC-MS oper-
ation makes it an ideal choice for the development of novel
approaches combining protein digestion, protein/peptide
separation, and MS-based protein/peptide identification.

To develop an automated system capable of simulta-
neously capturing top-down and bottom-up data, enzyme

kinetics of the chosen protease must be extremely fast (be-
cause one cannot wait hours as is typical when performing
off-line proteolysis). Another requirement is the use of immo-
bilized enzyme or a low enough concentration of the enzyme
such that autolysis products do not obscure the detection of
substrate peptides. The latter was a concern when using
pepsin because prior hydrogen/deuterium exchange experi-
ments used enzyme:substrate ratios up to 1:2 (18, 19). To test
whether or not such a large concentration of pepsin was
necessary, we performed pepsin digestion at ratios of 1:20.
Many alternative energy inputs into the system were consid-
ered for speeding up the digestion. For instance, it has been
shown that an input of ultrasonic energy could accelerate the
reaction rate of a typical trypsin digestion while using small
amounts of a protease (20). Because ultrasonic energy results
in an increase of temperature and microenvironments of high
pressure, it has been hypothesized that the higher tempera-
ture was the component responsible for the enhanced en-
zyme activity (21). Lépez-Ferrer et al. (22, 23), however, have
demonstrated that application of higher pressure with incor-
poration of a Barocycler alone can make trypsin display faster
enzyme kinetics. This phenomenon can easily be integrated
with an LC separation (which already operates at elevated
pressure) to enable an automatable ultrarapid on-line diges-
tion LC-MS proteomics platform. Herein, we refer to this
platform as the fast on-line digestion system (FOLDS) (23).
Although FOLDS has been described before using trypsin,
here the system is characterized with pepsin, and the results
obtained are compared with results attainable with trypsin.
Like trypsin, pepsin produced efficient protein digestion in just
a few minutes when placed under pressure. Because of the
natural maximal activity of pepsin at low pH, the FOLDS can
be incorporated with a RePlay (Advion Biosciences, Ithaca,
NY) system, and this powerful combination is what ultimately
makes the integration of top-down and bottom-up proteomics
analyses possible. The integrated analysis begins with a chro-
matographic separation of intact proteins. The separated pro-
teins are then split into two streams. One stream proceeds
directly to the mass spectrometer for MS and/or tandem MS
analysis. The second stream is split into a long capillary where
the chromatographic separation of the proteins is maintained,
but their arrival to the mass spectrometer for detection is
delayed. This is in essence the concept of RePlay (24, 25).
Herein, we have taken the RePlay a step further by imple-
menting our FOLDS technology into the second split delayed
stream of proteins. While these delayed proteins travel down
the long and narrow capillary, we exposed them to pepsin
where, in combination with the pressure, the proteins are
quickly and reproducibly digested. These peptide fragments
are subsequently subjected to MS and/or tandem MS analy-
sis. The FOLDS RePlay system allows the rapid and robust
incorporation of the integrated top-down bottom-up proteom-
ics work flow with the ability to not only identify proteins but
also to sequence multisite/combinatorial PTMs because all
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detected peptides (from the FOLDS analysis) are confined to
the original chromatographic peak of the protein they were
derived from. The analysis of protein mixtures using this inte-
grated strategy reduces the total amount of samples required
to obtain both the top-down and bottom-up data, increases
throughput, and improves protein sequence coverage.

EXPERIMENTAL PROCEDURES

Materials —Sequencing grade trypsin was obtained from Promega
(Madison, WI). Protein standards, pepsin, iodoacetamide, ammonium
bicarbonate, formic acid, and HPLC grade solvents were purchased
from Sigma-Aldrich. Tris(2-carboxyethyl)phosphine was purchased
from Pierce.

Apparatus—The Barocycler NEP-3229 instrument, MicroTube, and
a pressure cycling technology MicroTube adapter kit were obtained
from Pressure BioSciences (West Bridgewater, MA). A UTR200 So-
noreactor was purchase from Hischler (Teltow, Germany).

Off-line Pressure-assisted Protein Digestion—Standard proteins
and a Shewanella oneidensis proteome were digested as described
previously (22). Briefly, 150 ul of protein solution at 1 mg/ml protein
concentration was reduced and alkylated with tris(2-carboxyeth-
yl)phosphine and iodoacetamide at a final concentration of 5 and 50
mwm, respectively, and subjected to ultrasound irradiation for 3 min at
50% power using a Sonoreactor. For the samples that were to be
digested with pepsin, samples were diluted 10X with 1% formic acid
in water, and pepsin was added in a 1:20 pepsin:sample (w/w) ratio.
For the samples that were to be digested with trypsin, the samples
were diluted 10X with 50 mm ammonium bicarbonate, pH 8.0, and
trypsin was added at a 1:20 trypsin:sample (w/w) ratio. 150 ul of
resultant peptide solution was transferred to a MicroTube, and diges-
tion was accomplished in the Barocycler. The pressure program cycle
used in the Barocycler experiments consisted of 20 s at 25,000 p.s.i.
and 5 s at ambient pressure. The number of cycles was carried out to
obtain a total time under pressure of 1, 2, or 5 min. Once the samples
were digested, the reaction was quenched either by raising the pH
with NH,OH to about pH 8 in the case of the pepsin digestions or by
lowering the pH of the solution with formic acid to about pH 3 for the
trypsin digestions. The samples were then analyzed by LC-MS/MS as
described elsewhere (26, 27).

FOLDS on Dual On-line Solid Phase Extraction/Reversed Phase
Liquid Chromatography (DO-SPE/RPLC)—We have incorporated the
FOLDS into a DO-SPE/RPLC system, which has been reported pre-
viously (28). Briefly, this system incorporated the following fluidic
components: a six-port injection valve with a 5-ul sample loop, three
four-port valves, and two six-port valves (VICI Valco, Houston, TX)
rated to 15,000 p.s.i. Enolase was used to evaluate the pepsin diges-
tion efficiency in experiments using the on-line two-column setup.
100 ng of enolase was loaded into the 5-ul sample loop with the
pepsin in an enzyme:substrate ratio of 1:50. The sample loop was
pressurized to 10,000 p.s.i. using a syringe pump (Teledyne ISCO,
Lincoln, NE), which delivered mobile phase A and was used to digest
and load the sample onto the SPE column. The FOLDS was operated
at pressure ranging from 0 up to 10,000 p.s.i. Mobile phase A con-
sisted of nanopure water with 0.1% formic acid, pH < 3. LC exper-
iments were performed on a Nano-HPLC 1200 system (Agilent Tech-
nologies, Santa Clara, CA) equipped with two 1-cm-long SPE
columns and a 15-cm-long 75-um-inner diameter analytical column;
all of the columns were packed in house with 3-um diameter C,q4
bonded particles (Phenomenex, Torrance, CA). The system was cou-
pled to an LTQ (Thermo Scientific, San Jose, CA) mass spectrometer.

Postcolumn On-line Digestion—The system consisted of the
standard LC system described above with a 15-cm-long 75-um-inner
diameter column. A three-way tee was connected to the end of the

column, allowing introduction of pepsin into the system using a
syringe pump (Harvard Apparatus, South Natick, MA). The output was
connected to a 10-um-inner diameter X 10-m-long capillary with an
integrated nano-ESI emitter. The LC system was coupled with an LTQ
(Thermo Scientific) mass spectrometer.

Integrated Top-down Bottom-up Proteomics Analysis Using a
Modified “RePlay” Digestion System—The integration of top-down
and bottom-up proteomics was demonstrated using both a mixture of
standard proteins and an extract of monkey pox proteins. The stand-
ard protein mixture consisted of carbonic anhydrase, lactoglobulins A
and B, cytochrome c, ubiquitin, and myoglobin with 2.5 ug of total
protein injected onto the capillary column for intact protein separa-
tion. The intact protein HPLC utilized an exponential gradient at
8,000-p.s.i. constant pressure with solvent A consisting of 20% ace-
tonitrile, 5% isopropanol, 0.6% acetic acid, and 0.01% trifluoroacetic
acid and solvent B consisting of 45% acetonitrile, 45% isopropanol,
0.6% acetic acid, and 0.01% trifluoroacetic acid. The capillary col-
umn (75-um inner diameter X 75 cm long) was packed in house with
5-um Jupiter Cg particles (Phenomenex, Torrance, CA). The column
flow rate was ~400 nl/min at the beginning of the gradient.

The intact protein HPLC eluent was split with half of the flow (~200
nl/min) directed to a TriVersa NanoMate (Advion Biosciences) for ESI
and introduction of the intact protein ions into the mass spectrometer.
The remaining intact protein HPLC eluent (~200 nl/min) was directed
into the Advion RePlay device (Advion Biosciences) and captured in a
50-um-inner diameter X 22-m-long RePlay capture capillary. A 0.1
ng/ul solution of active pepsin protease was mixed with the split LC
eluent prior to capture in the capillary column. The flow rate of the
pepsin solution was 50 nl/min. Proteins and pepsin were in contact for
~220 min (the length of the initial HPLC separation) in the RePlay
capture capillary at 1,000 p.s.i.

Intact protein ions generated by ESI using the TriVersa NanoMate
were introduced into a modified Bruker 12-T FTICR mass spectro-
meter. A compensated open cylindrical cell with improved mass
measurement accuracy and extended dynamic range (5, 29) was
used to acquire all mass spectra. Tandem MS was carried out utilizing
external precursor ion selection and accumulation followed by exter-
nal CID with nitrogen as the collision gas. Nitrogen gas was leaked
into the external accumulation cell at a constant pressure with the
source vacuum gauge reading 5.5 X 10~¢ millibar. Preselection of
precursor ions and calculation of appropriate collision energy were
performed using apexControl software (Bruker Daltonics, Billerica,
MA) with the AMS_EnergyFile parameter set to 0.01053, 12.78947 for
all charge states.

During column equilibration after the first HPLC separation, the
Advion RePlay device was switched to allow the captured protein-
pepsin mixture to flow (~200 nl/min) to the TriVersa NanoMate for
ESI-MS characterization of the peptic peptides in the 12-T FTICR
mass spectrometer. Tandem MS of selected peptides was carried out
as described previously (26, 27).

Data Analysis—For IT-MS/MS data, we used either a SEQUEST
(30) database search engine or SpectrumMill to identify the peptides.
A previously published method (31, 32) was used to calculate and
control the error rates associated with the peptide identifications. For
the corresponding RePlay digestion analyses acquired on the 12-T
FTICR mass spectrometer proteins and peptides were identified using
an in-house software that deisotoped the data (ICR2LS, Decon2ls) (33)
and matched the theoretically generated protein/peptide masses to
the masses obtained experimentally. A subset of identifications was
also analyzed by comparison of the observed and calculated isotope
distributions. Protein and peptide MS/MS data sets were analyzed by
de novo reconstruction of short amino acid sequences based on the
observed MS/MS fragmentation patterns (34, 35).
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Fic. 1. a, the left panel shows a photograph of the MicroTube insert,
and MicroTube holder used for off-line pressure digestion experi-
ments with a dime for size comparison. The right panel shows how
MicroTubes are inserted into the holder. b, the histogram depicts the
average number of unique identified peptides and average protein
coverage obtained from two duplicate LC-MS/MS runs of bovine
serum albumin digested with pepsin for three different lengths of time
at 25,000 p.s.i. and an overnight digestion at 37 °C and ambient
pressure. The percentage of protein coverage is depicted as a solid
bar, and uniquely identified peptides are depicted as diagonal lines.
Error bars represent one standard deviation.

RESULTS AND DISCUSSION

It has been recently demonstrated that an increase in pres-
sure can significantly accelerate the reaction rate of a trypsin
digestion (22). Herein, pepsin was evaluated as a candidate
proteolytic enzyme displaying the same capacity of enhanced
kinetics under pressure. The experiments were performed
using the Barocycler, an apparatus that provides precise time
control over the application of pressure and enables auto-
mated and rapid cycling between a given pressure and am-
bient pressure. The samples contained in small silicon tubes
(MicroTubes) (Fig. 1a) were directly subjected to the pressure
changes that were transduced through the sample tube onto
the enclosed sample solution. One of the main advantages of
this system is its ability to handle up to 48 small samples (with
sample sizes of 50-150 wl); thus, it is possible to carry out
rapid and thorough digestions of 48 samples simultaneously
in only a few minutes. Rapid digestions under high pressure
have been demonstrated with trypsin, but it was not known
whether this phenomenon was limited to trypsin or whether it
could be applied to other proteolytic enzymes. Hence, we first
characterized bovine serum albumin (BSA) pepsin digestion in
the controlled off-line setting using the Barocycler. After re-
duction and alkylation, the mixture of BSA and pepsin was
subjected to 25,000 p.s.i. for 1, 2, or 5 min. These experi-
ments were performed in duplicate to validate the results.
Fig. 1 shows the average number of unique peptides iden-
tified and the overall proteome coverage obtained for each
condition. In agreement with previous experiments per-
formed with trypsin (22), the results were similar for all

conditions studied with a slightly higher number of peptides
identified for the pressurized digestions than for the over-
night digestion (Fig. 1b).

We previously hypothesized that the increase in enzyme
kinetics (and consequentially coverage) is due to a denaturing
effect of pressure, which acts to force (most of the) proteins
into a more linear or open conformation (23). In other words,
the pressure input provides enough energy to overcome any
decreased solvent entropy effects associated with the linear
conformation, and this opening makes the proteins more ac-
cessible to the enzyme. What is curious is that the proteases
(which are also proteins) maintain activity despite being under
the same influence of the pressure. A possible explanation
might be that perhaps the active sites of the enzymes possess
a higher degree of stability, which may translate into the main-
tenance of these highly conserved amino acid sequence re-
gions across many species because the preservation of these
sites is critical for the function of the enzyme (36). This higher
degree of stability from an evolution perspective could then also
explain why the active enzyme pocket of the proteases remains
active even under high pressure (37). The overall agreement
between the chromatograms (supplemental Fig. 1), number of
proteins, and peptide coverage nicely illustrates minimal varia-
tions in the extent and the observed high degree of reproduc-
ibility of the digestions (Fig. 1).

We further explored 1-min pressurized pepsin digestions
with a mixture of standard proteins to ensure that our obser-
vations were not limited to BSA. This protein mixture was also
subjected to digestion with trypsin (instead of pepsin) under
the same conditions (with the exception of the buffer pH). As
shown in Fig. 2, results for the two enzymes were similar in
terms of protein coverage, normalized peptide counts, and
reproducibility. Fig. 2b shows the protein coverage attained
by each protease alone and when the results were combined.
A significant gain in protein coverage was realized when data
from two digestions were combined as previously demon-
strated by Coon and co-workers (38). This strategy could be
particularly useful for characterization of combinatorial PTMs
because of the higher sequence coverage. Fig. 2c shows the
overlap between replicate analyses attained for pepsin and
trypsin digestions, indicating a similar degree of reproducibility
for the two digestion procedures. For the pepsin digestion, each
technical replicate had on average 64 = 4% of the total identi-
fied peptides. The technical replicates of the trypsin digestion
each had on average 70 = 6% of the total identified peptides.

Although the reproducibility and experimental peptide cov-
erage was on par with that obtained from a trypsin digestion,
peptides obtained from a pepsin digestion (supplemental Ta-
ble 1) were observed to exhibit less amino acid cleavage
specificity as expected. For bottom-up approaches, this lack
of specificity would require downstream peptide MS/MS data
analyses to be conducted with no enzyme restrictions, natu-
rally leading to higher false discovery rates. Although pepsin
in general is considered to be a nonspecific protease, in
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Fic. 2. Comparison of enzyme per-
formance for pepsin and trypsin pres-
sure-assisted digestions using a five-
standard protein mixture consisting
of BSA, transferrin, myoglobin, cyto-
chrome c, and ribonuclease A. a and b,
histograms comparing normalized pep-
tide counts and percentage of protein
coverage for three technical replicates of
pressurized digestions using either tryp-
sin (shaded gradation bars) or pepsin
(diagonal striped bars) for 1 min. Solid
black bars indicate the total unique pro-
tein coverage when data from both diges-
tions were combined. ¢, Venn diagrams
showing the peptide overlap between
three technical digestion replicates (/~/l),
including the percentage of identified
peptides in each region. d, sequence logo
for the amino acid sequence motif of
pepsin-generated peptides identified by
MS/MS analysis. e, histogram depicting
the frequency of peptide length identified
from the peptides identified either by tryp-
sin (shaded gradation bars) or pepsin (di-
agonal striped bars). f, representative
chromatograms corresponding to the LC-
MS/MS of a pressure-assisted digestion
for trypsin (top) and pepsin (bottom).
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replicate analyses, pepsin does appear to reproducibly cleave
at the specific positions within a protein. This suggests that
there are predictable pepsin cleavage rules, but these rules
are not presently understood, nor are they as straightforward
as they are for trypsin. In an attempt to better characterize
expected cleavage specificity patterns of pepsin, a list of
peptide sequences containing the P,, P53, P,, Py, P}, P5, P3,
and P, residues for all identified peptides was compiled (with
cleavage occurring between P, and P}). These sequences
were then submitted to WebLogo (http://weblogo.berkeley.
edu/) to obtain a graphical representation of the amino
acid sequence preferences around the cleavage sites. The
WebLogo graph (Fig. 2d) displaying the amino acid positional
preference and frequency of cleavage sites from the data
collected in this study shows that the P, position had an
overall preference for the expected amino acids of Leu and
Phe but also (to a lesser extent for) Glu, Ala, Asp, and Lys. P,
and P} appear to be somewhat conserved, signifying the need
for further research into protease specificity (39) to truly un-
derstand and predict pepsin cleavage preferences.

When looking at the peptide lengths, there were no great
differences between the detected peptides from the pepsin
and trypsin digestions (Fig. 2e). Although the detectable pep-
tides did not appear to have much difference in the distribu-
tion of their lengths, there were substantial differences in their
RPLC (C,g) retention behavior (Fig. 2f). Overall, peptic pep-
tides appear to elute sooner and with a more normal (bell-
shaped) distribution, suggesting that they have a more com-
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mon level of hydrophobicity in comparison with the tryptic
peptides, which appear to cover a larger range of peptides
with more diverse hydrophobicities. The fact that these two
proteases generate peptides that show different chromato-
graphic behavior in addition to the combinatorial gain in se-
quence coverage illustrated in Fig. 2b demonstrates how
multiple digestion strategies could be used to improve pro-
teome coverage in terms of total proteins identified and num-
ber of peptides identified for each protein.

Because the ultimate goal of high throughput proteomics is to
analyze complex protein mixtures, we applied the high pressure
digestion approach to S. oneidensis whole cell lysate. Using
either trypsin or pepsin, triplicate global proteome digestions
were performed. The six protein digests were analyzed by
LC-MS/MS, and the resulting data were processed using a
SEQUEST search without enzyme restrictions. A total of 11,105
spectra passed a 1% false discovery rate filter cutoff (27). This
translates to an average of 1,385 and 1,124 unique peptides
obtained per data set for the trypsin and pepsin digests, respec-
tively. The total number of unique peptide identifications
(summed over three replicates for each digestion) was in the
range of ~2,150 in both cases. Fig. 3 shows the number of
unique peptides and proteins and their overall distribution ob-
tained in each replicate experiment. A significant overlap
(>40%) in identified peptides was obtained between the trypsin
and pepsin digestion methods. Of all peptides that did not
overlap, nearly half were evenly divided between those uniquely
identified in either the pepsin digestion or the trypsin digestion.
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Fic. 3. Comparison of enzyme performance and peptide prop-
erties for pepsin and trypsin pressure-assisted digestions using
S. oneidensis protein extract as model proteome. a, histograms
comparing the performance of 1-min pressure-assisted digestion
with trypsin (shaded gradation bars) and pepsin (diagonal striped bars)
across three technical replicates. b, pie chart representing the overlap
of enzyme exclusive peptide identifications. ¢, GRAVY values plotted
against the calculated molecular masses for the identified peptic (left)
and tryptic (right) peptides. d, representative chromatograms corre-
sponding to the LC-MS/MS of pressure-assisted digestion for trypsin
(top) and pepsin (bottom) after a 2-min digestion.

The chromatograms reconstructed from the LC-MS data
acquired from the S. oneidensis pepsin and trypsin digests
differed significantly as was demonstrated earlier with the
standard protein mixture (Fig. 3d) with peptic peptides in
general eluting earlier in the gradient than tryptic peptides
(again in agreement with standard protein mixture results).
Over the last decade, there have been many efforts in the area
of developing models for peptide retention time prediction
(40, 41). Findings published by Petritis et al. (41) suggested
that hydrophobicity and peptide length contribute to its inter-
action with a C,4 stationary phase less than the N and C
termini. Our data are in agreement with these earlier results as
shown in supplemental Fig. 2 where the significant differences
in the chromatographic profiles cannot be explained by small
variations observed between peptide lengths and the grand
average hydropathicity (GRAVY) scores. The sequence logo
for pepsin digests depicted in Fig. 2d shows that the majority
of the amino acids in positions Pg to P, as well as P} to P, are
hydrophilic. We thus hypothesize that for pepsin digestion
these intermediate amino acids, which are mostly polar, may
have a greater influence than in the case of tryptic peptides to

explain their early elution times. We have to note, however,
that the limited number of observations makes this conclusion
preliminary.

GRAVY plots can be a useful way to look at hydrophobic
domains and even the overall hydrophobicity of many pep-
tides (42). (Positive GRAVY scores indicate that the sequence
is hydrophobic, and negative GRAVY scores indicate that the
sequence is hydrophilic.) By carefully looking at scatter plots
of molecular mass versus the GRAVY scores for each identi-
fied peptide (Fig. 3c), it becomes evident that peptic peptides
cover a smaller molecular mass range than the tryptic pep-
tides. The opposite trend is observed when the hydropathicity
dimension is considered. Approximately 8% of the identified
peptic peptides have a GRAVY score above 1.5 (versus 2%
for the tryptic peptides). Interestingly, the pepsin plot has a
pattern similar to that of the plot published by Poetsch and
co-workers (43) in their report on the advantages of using
elastase digestion for membrane proteomics. The authors
claimed that small peptides (i.e. below ~700 Da) with higher
GRAVY scores represent potential transmembrane peptides.
Our data suggest that a pepsin digestion also could be more
effective in cleaving the membrane proteins and producing
peptides more compatible with LC-MS analysis. However, a
more targeted study is needed to validate this hypothesis as
the data presented here are derived from a global cell lysate
and not from a purified membrane fraction.

We have previously published a FOLDS that utilized the
high pressure capability of an LC system to rapidly digest
target proteins and complex protein mixtures under pressure
in the presence of trypsin (23) (Fig. 4a). The system used
ultrahigh performance LC pumps pressurizing water up to
10,000 p.s.i. to accelerate the enzyme kinetics of trypsin.
Herein, we coupled the FOLDS with a DO-SPE-RPLC system
that uses two on-line SPE columns and two separation col-
umns (Fig. 4b). The major advantage of a dual column system
is a higher duty cycle because one column can be regener-
ated and loaded with the next sample while the other column
is conducting the separation. We modified the FOLDS system
to accommodate pepsin digestions (all the parameters remain
the same as in the case of trypsin with the exception of a
digestion buffer, which consists of 1% formic acid to make it
compatible with the pepsin). Enolase was used to evaluate the
pepsin digestion efficiency using the on-line two-column
setup (Fig. 4b). The sample loop was pressurized to 10,000
p.s.i., then the secondary valve was opened, and the sample
was released and loaded onto the SPE column (Fig. 4c). For
time zero, the enzyme was mixed with the protein and imme-
diately loaded onto the SPE column. Under this condition, we
detected the intact protein at 22 min in the gradient with a few
additional large fragments (with masses over 10 kDa) eluting
earlier. These large fragments were found to be degradation
products of the enolase generated during the brief exposure
of the protein to pepsin under pressure, but most of the
protein remained undigested as expected. When the protein
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FiG. 4. Setup and validation of FOLDS for pepsin digestions.
a, illustration showing the FOLDS platform. b, schematic diagram of the
two-column FOLDS. The components include three six-port injection
valves and four four-port valves. The system is coupled to a two-
column RPLC system, and an LTQ mass spectrometer was used for
MS/MS analysis. ¢, comparison of the chromatograms (and repre-
sentative spectra) obtained from the two-column FOLDS pepsin di-
gestion of enolase as a function of the digestion time. UPLC, ultra-
performance LC; Cap-HPLC, capillary HPLC.

TABLE |
MS/MS results for time course digestion experiment performed with
two-column FOLDS

Digestion  Protein  SpectrumMill Protein No. unique
time identified protein score coverage® peptides
s %
30 Enolase 823.66 81 60
45 Enolase 854.36 70 58
60 Enolase 800.95 87 54

2 Percentage of the amino acid sequence of the protein covered by
the identified peptides.

and the enzyme were pressurized together for 30 s in the loop,
complete digestion was observed (Table I). Prolonging the
reaction time up to 2 min resulted in similar LC-MS chromato-
grams, indicating that fast pepsin digestion in small capillaries
under 10,000-p.s.i. pressure is feasible. Gross and co-work-
ers (44) recently explored a similar setup for hydrogen/deute-
rium exchange experiments.

In efforts to provide a greater depth of information from
proteome analyses, several methods of coupling protein-level
(i.e. top-down) and peptide-level (i.e. bottom-up) LC-MS anal-
yses after digestion into an integrated platform have been
attempted with varying degrees of success. Many ap-
proaches have been developed, and most of them use an
integrated on-column microreactor based on some form of
enzyme immobilization for the rapid digestion of protein frac-
tions into peptides (11, 45, 46). Although many of these ap-
proaches were successful in digesting proteins on line, their
application to demanding proteomics experiments proved to
be limited because of rapid inactivation of the immobilized
enzyme presumably by endogenous proteases, mobile phase
additives and impurities, organic solvents, endogenous inhib-
itors, and other factors (47). Immobilized enzyme inactivation
limits the number of times the reactor can be used, preventing
the automation and market viability of on-line digestion
platforms.

To circumvent these challenges, we propose an approach
similar to that of Chen and co-workers (18) developed with the
triaxial probe for on-line proteolysis integral to their hydrogen/
deuterium exchange experiments but with a design modifica-
tion to our reactor to handle low flow rates, low sample
concentrations, and incorporation of a RePlay system (24). As
the name suggests, in RePlay mode of operation, flow from
the initial RPLC intact protein separation is split into two
streams; one stream is directed into the mass spectrometer,
whereas the second stream is diverted into a long capture
capillary, allowing the separated constituents to be analyzed
via MS again in any desired way. In its original implementa-
tion, this approach allowed the sample (mixture of peptides)
to be reanalyzed after the first analysis had finished to im-
prove the overall quality of the analysis (e.g. increase the
number of identified species or enable a more targeted anal-
ysis the second time around) (24). For our purposes, we
utilized the storage capillary as a pressurized digestion reac-
tor. This was accomplished using a three-way zero-volume
tee to continually introduce the pepsin into the stream of
separated proteins as they pass through the 10-m-long, 15-
mum-inner diameter capillary at a concentration of 0.1 ug/ul.
After an appropriate residence/digestion time, the stream was
directed to the mass spectrometer for analysis (via TriVersa
NanoMate). One of the key advantages of this approach (be-
sides the compatibility between RPLC and pepsin digestion
conditions) is a continuous introduction of a constant stream
of fresh pepsin, which significantly reduces the inactivation
problems described above.

Fig. 5 shows the results of a RePlay-based integrated top-
down bottom-up platform using pepsin to digest myoglobin in
a proof-of-principle experiment. In a control experiment (Fig.
5a), the system was operated without pepsin, and the char-
acteristic charge state distribution of intact myoglobin was
detected in the mass spectrometer. Because the pumped-in
pepsin is introduced as a second stream into the protein
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sample stream, lateral diffusion of the enzyme into the sample
was required, and a minimum residence time of about 10 min
was needed for complete digestion (Fig. 5b). No noticeable
peak broadening effect was observed.

Next, a standard protein mixture consisting of carbonic
anhydrase, lactoglobulins A and B, cytochrome c, ubiquitin,
and myoglobin was evaluated using this coupled top-down
bottom-up analysis approach (Fig. 6). The eluent of an HPLC
separation of a 2.5-ug injection of a protein mixture was split
with half of the flow introduced into a 12-T FTICR mass
spectrometer for analysis (Fig. 6a) and the other half mixed
with an active pepsin digestion solution and stored in a cap-
ture capillary utilizing an Advion RePlay device. After finishing
analysis of the intact proteins, the RePlay device was
switched from capture to replay mode, and the digested
proteins were introduced to the 12-T FTICR mass spectro-
meter for analysis (Fig. 6b). The capture capillary was main-
tained at a minimum pressure of 1,000 p.s.i. to ensure com-
plete digestion of the proteins by the time the first intact
protein RPLC run finished (~220 min). Complete digestion
was verified by the lack of detected intact protein in mass
spectra of the pepsin RePlay analysis and the appearance of
multiple lower charge state peaks corresponding to digested
peptides (Fig. 6, insets). Digested peptides were typically in
the 400-4,000-Da range. The number of peptides originating
from each standard protein was calculated in 50 spectra bins.
This number of observed peptides was then normalized rela-
tive to each protein and plotted graphically. As seen in Fig. 6¢c,
digested peptides from each protein appeared to be localized
into discrete segments of the RePlay analysis. This setup
eliminated the typical need to collect fractions (9), thus de-
creasing the sample requirements and increasing the
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Fic. 6. LC-MS and RePlay pepsin digestion analysis of protein
standard mixture containing carbonic anhydrase, lactoglobulins
A and B, cytochrome c, ubiquitin, and myoglobin. a, a total ion
chromatogram of the initial intact protein RPLC analysis. b, the cor-
responding total ion chromatogram for the RePlay pepsin digestion
analysis. ¢, a plot of the normalized number of digested peptides
corresponding to a particular protein as a function of elution time. The
darker boxes indicate more peptides were observed. Each row con-
tains data corresponding to a different protein. From top to bottom,
these proteins are cytochrome c, ubiquitin, lactoglobulin A, lactoglob-
ulin B, myoglobin, and carbonic anhydrase. d and e, mass spectra of
both the initial intact RPLC separation plotted in black and the RePlay
pepsin digestion analysis plotted in grey. A significant number of
intact ubiquitin (d) and myoglobin (e) peaks were only detected in the
initial RPLC run, and digestion products were only observed in the
RePlay run as illustrated in the zoomed-in regions.

throughput. Because the resulting peptic peptides elute in the
same order as the separated intact proteins, this approach
preserves a direct link between the intact protein and its
corresponding peptides, providing a greater confidence in the
sequence determination and characterization of (multisite)
PTMs. Complete protein digestion was achieved, and the high
mass accuracy offered by FTMS allowed the matching of
proteins with their resulting peptic peptides (i.e. classical pep-
tide fingerprinting). Our data also agree with the recent results
published from other groups (44, 48) where the application of
as little as ~100 p.s.i. produced an effective digestion in 30
min or less. In our case, the digestion time depends on the
time required for the first chromatographic separation, which
is longer than 30 min. It is important to note that with more
complex mixtures of proteins (i.e. a whole cell proteome) this
approach may require further modification and/or down-
stream peptide separation because with the low specificity of
pepsin the number of theoretical peptide candidates may
become overwhelmingly large, making the data analysis ex-
ceptionally challenging.

Fortunately, tandem MS results of both the intact proteins
and digested peptides can aid in protein and PTM identifica-
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Fic. 7. LC-MS/MS of isolated monkey pox viral proteins with
RePlay pepsin digestion MS/MS. a, the total ion chromatogram of
the initial intact protein RPLC separation. b, a typical MS scan. The
arrow in a indicates when in the RPLC this spectrum was acquired.
c, the 6+ peak near 1,021 m/z in b was selected for isolation and
MS/MS. De novo MS/MS analysis using in-house tools identified a
fragment from the monkey pox structural protein VP8 based on the
observed fragment peptides. d, representative mass spectrum from
the RePlay pepsin digestion corresponding to a. e, tandem mass
spectrum acquired for the 5+ peak in d, which corresponds to a
pepsin digestion product of the original larger protein fragment
based on de novo analysis of the observed fragmentation pattern.

tion and characterization and mitigate the data analysis chal-
lenge. Initial results demonstrating the effectiveness of the
integrated top-down bottom-up strategy that incorporates
tandem MS of intact and on line-digested proteins from a
single intact protein RPLC separation are shown in Fig. 7. The
tandem MS spectra of both the initial RPLC separation of a
2-png sample of monkey pox viral proteins (Fig. 7c) and the
digested RePlay analysis (Fig. 7d) were processed using in-
house de novo sequencing tools (34, 35), and several pep-
tides corresponding to viral protein fragments were identified.
For example, de novo MS/MS analysis identified

GFTNKNKLEKLSTNKELESYSSSPLQEPIRLNDFLGLLECVKK-
NIPLTDIPTKD, a protein fragment from the monkey pox struc-
tural protein VP8 (Fig. 7c), 73 min into the gradient of the
original protein RPLC-MS experiment. At the corresponding
elution time in a RePlay run, similar de novo analysis based on
the observed MS/MS fragment ions identified the sequence
GFTNKNKLEKLSTNKELESYSSSPLQEPIRL as a digestion
product of the original larger protein fragment (Fig. 7d). Al-
though detailed analysis of detected/identified monkey pox
proteins in this series of experiments will be published sepa-
rately, the results presented in Fig. 7 are sufficient to illustrate
the power and the potential of this comprehensive integrated
top-down bottom-up approach featuring high performance
tandem MS capabilities.

CONCLUSIONS

The combined use of pepsin and pressure has been demon-
strated to be an effective approach to the ultrarapid character-
ization of proteins and peptides. High pressure accelerated the
rate of proteolysis, thus eliminating the need for long incubation
times, and the use of pepsin allowed a straightforward coupling
with LC-MS because of its acid-compatible activity. These de-
velopments taken altogether have enabled FOLDS, which is a
significant step toward creating a robust and fully automated
on-line proteomics platform with integrated protein separation,
digestion, and MS detection. Additionally, FOLDS was com-
bined with the RePlay technology into a fully integrated top-
down bottom-up proteomics platform. Integrated top-down
bottom-up proteomics utilizing on-line pepsin digestion proved
to be a feasible, facile, and robust platform, which combined
with enhancements in the HPLC and tandem MS of proteins to
enable high throughput analysis of complex biological systems.
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