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Abstract
The aspartic protease pepsin is less specific than other endoproteinases. Because aspartic proteases
like pepsin are active at low pH, they are utilized in hydrogen deuterium exchange mass
spectrometry (HDX MS) experiments for digestion under hydrogen exchange quench conditions.
We investigated the reproducibility, both qualitatively and quantitatively, of online and offline
pepsin digestion to understand the compliment of reproducible pepsin fragments that can be
expected during a typical pepsin digestion. The collection of reproducible peptides was identified
from >30 replicate digestions of the same protein and it was found that the number of reproducible
peptides produced during pepsin digestion becomes constant above 5-6 replicate digestions. We
also investigated a new aspartic protease from the stomach of the rice field eel (Monopterus albus
Zuiew) and compared digestion efficiency and specificity to porcine pepsin and aspergillopepsin.
Unique cleavage specificity was found for rice field eel pepsin at arginine, asparagine, and
glycine. Different peptides produced by the various proteases can enhance protein sequence
coverage and improve the spatial resolution of HDX MS data.
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Introduction
Enzymatic proteolysis can be an important step prior to liquid chromatography mass
spectrometry (LC-MS) studies, including for protein identification, posttranslational
modification characterization, and protein structural analysis [1]. Digestion with trypsin (EC
3.4.21.4) is frequently used because trypsin is highly specific and the average size of tryptic
peptides is generally within the mass range which mass spectrometers can accurately
measure. In addition to trypsin, several other endoproteinases are widely used, including
chymotrypsin (EC 3.4.21.1), elastase (EC 3.4.21.36), Lys-C (EC 3.4.21.50), Glu-C (Staph
aureus V8, EC 3.4.21.19), Asp-N (EC 3.4.24.33), and Arg-C (Clostripain, EC 3.4.22.8).
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Different other proteases may be used to modulate the peptides that are produced and/or
improve sequence coverage and overlapping peptides[2]. In recent years, the aspartic acid
protease pepsin (EC 3.4.23.1), has been used with more frequency in proteomics and protein
structure analyses (e.g. see [3]).

Pepsin is commonly found in the stomach of many organisms where it is active in very acid
conditions (pH<3.0); pepsin becomes irreversibly inactivated above pH 5-6 [4-7]. Due to its
high activity at low pH, pepsin is frequently used in hydrogen deuterium exchange mass
spectrometry (HDX MS) experiments where digestion must be performed at pH ~2.5 [8-11]
in order to retain as much deuterium as possible during analysis. After deuterium is
incorporated into a protein at neutral/physiological pH, the exchange reaction is quenched
and the protein digested into fragments by pepsin [12-14] for eventual detection and mass
measurement with a mass spectrometer[11, 15]. Online pepsin digestion, in which pepsin is
immobilized onto particles and packed into a column, was introduced some years ago [16,
17] and makes the HDX workflow more robust and automatable. It is often found that online
digestion can be performed at a temperature higher than quench conditions (e.g., 15-20 °C
rather than 0 °C) without increased back-exchange as the sample is exposed to the
immobilized enzyme for a relatively short period of time.

The specificity of pepsin is much less than that of trypsin and other proteases (Lys-C, Glu-C,
Asp-N, etc). From early experiments, pepsin is known to prefer to cleave after bulky
hydrophobic amino acid residues [18, 19]. Pepsin specificity has been studied by statistical
analyses using model peptides [20] and by tabulating peptides observed in MS experiments
[e.g., Refs. [21-23]]. In general, pepsin prefers to cleave after phenylalanine and leucine
whereas it rarely cleaves after histidine and lysine unless they are adjacent to leucine,
phenylalanine, and a few others [21-23]. The rest of the amino acid residues exhibit very
different cleavage probability, influenced mainly by the amino acids at positions P1 (by
standard convention, defined as the residue N-terminal to the cleaved peptide bond) and P1’
(the residue C-terminal to the cleaved peptide bond). In addition to amino acids in the P1
and P1’ positions, other residues that approach the active site (such as P4) can play a role in
specificity [20]. Factors such as the pH of digestion, amount of exposure time, concentration
of pepsin relative to the protein being digested, and importantly the molten globule
conformation of proteins in acidic conditions all play a role in what peptides are produced. It
is therefore necessary to maintain strict digestion conditions to perform reproducible pepsin
digestions.

The first question we wished to address in the current work was: how reproducible are
pepsin digestions? If replicated digestions of the same protein were performed, under strictly
controlled conditions that were as identical as possible, would the same compliment of
peptides be produced? As pepsin digestion produces many different kinds of peptides, many
of which are short in length and overlapping with other peptides, it can be challenging to
characterize and identify all the peptides produced, especially when digesting large proteins
or protein complexes. Generating many overlapping, short peptides can improve the
sequence coverage as well as the spatial resolution in HDX MS [24-26] but the
identification of the peptides must be correct and reliable or all the HDX data are
meaningless. Knowledge of the reproducibility of pepsin proteolysis and the cleavage
variability is therefore valuable. To this end, we qualitatively and quantitatively evaluated
pepsin proteolysis reproducibility using various subject proteins to learn not only what is
produced, but how conditions might be optimized to obtain reproducible peptic peptides.

We addressed a related question in the second part of the work presented here: how
reproducible is proteolysis when other acid proteases are used at low pH? It is already
known that different acid proteases produce different peptides. In particular, in recent years
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various other enzymes have been explored for HDX MS experiments, and digestion at low
pH. These other enzymes include: aspergillopepsin (protease type XIII, EC 3.4.23.18) [24,
27, 28], rhizopuspepsin (protease type XVIII, EC 3.4.23.6) [24, 28, 29], and plasmepsin (EC
3.4.23.39) [30]. Aspartic proteases from fish have also been investigated, including the
Antarctic rock cod [21], North Pacific bluefin tuna [31], shark [32], and freshwater
mandarin fish [33]. In the present study, we characterized the peptides produced by aspartic
proteases from the rice field eel (Monopterus albus Zuiew) [34] and compared the resulting
peptides to those from digestions with pepsin and aspergillopepsin. We discuss the results in
light of the first part of the paper concerned with reproducibility and robustness of aspartic
protease digestion.

Material and Methods
Materials

Pepsin (porcine gastric mucosa, part #Q64411), aspergillopepsin (Aspergillus Saitoi,
protease, part #P2143), phosphorylase b (rabbit muscle, part #P6635), and cytochrome c
(equine heart, part #C7752) were purchased from Sigma (St. Louis, MO, USA). Interferon
alpha-2b standard was purchased from the European Directorate for the Quality of
Medicines (Strasbourg, France). Sequencing grade trypsin (part #V5111) was from Promega
(Madison, WI, USA). Ammonium bicarbonate was from Mallinckrodt (Phillipsburg, NJ,
USA) and potassium phosphate, formic acid, and all other common lab chemicals were
purchased from Sigma.

Rice Eel Pepsinogen Purification
All the procedures were conducted at 0-4 °C as described[34]. Rice field eel stomach (50g)
was cut into small pieces and homogenized with 6-fold excess of 50 mM phosphate buffer
(pH 7.0) containing 5 mM phenylmethanesulfonyl fluoride (PMSF) and 1 mM E-64 using a
homogenizer (Kinematica, PT-2100, Luzern, Switzerland). The homogenate was centrifuged
at 18,000g for 90 min and the resulting supernatant was fractionated with ammonium
sulfate, from 20 to 60% saturation. After centrifugation, the precipitate was subsequently
dissolved in a small amount of 25 mM phosphate buffer (pH 7.0) and dialyzed against the
same buffer extensively. The dialysate was then subjected to DEAE-Sephacel column (2.5 ×
15 cm), which was previously equilibrated with the dialysis buffer. Proteins in the flow-
through fractions were collected by washing the column with starting buffer until the
absorbance at 280 nm was below0.05. Binding proteins were eluted with a linear gradient of
NaCl from 0 to 0.5 M in a total volume of 600 mL at a flow rate of 1 mL/min. Three peaks
of rice field eel pepsinogens (isomers, PG-1, PG-2 and PG-3) were detected after DEAE-
Sephacel column separation. These peaks were concentrated respectively by ultrafiltration
using a membrane of YM-10 (Millipore, MA, USA). Concentrated samples were
individually loaded on Sephacryl S-200 HR (1.5 × 98 cm) gel-filtration column, which was
equilibrated with 25 mM phosphate buffer (pH 7.0) containing 0.15 M NaCl and eluted at a
flow rate of 0.6 mL/min. All the three PGs were eluted as a single peak and gave a single
band on SDS-PAGE. Finally, approximately 100 mg of isomers (PG-1 and PG-2) were
obtained and studied for digestion specificity. Each PG was dissolved in 200 μL of 100 mM
potassium phosphate (pH 2.54) and the concentration of PG was determined to be 1.25 mg/
mL by Commassie blue method.

Digestion methods
For reproducibility experiments, phosphorylase b, cytochrome c, and interferon alpha-2b
were prepared in 10 mM potassium phosphate (pH 7.00) and used as stock solutions
inoffline and online digestions. For offline pepsin digestion, a stock solution of protein and
an enzyme were mixed in a 1:1 (w/w) ratio and digested in solution at pH 2.5 for 60 seconds
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at room temperature. The digest was immediately injected into a nanoACQUITY
UPLC™with HDX technology [35] from Waters (Milford, MA, USA) for chromatographic
separation. Online pepsin digestion was performed using a POROS pepsin column (2.1×30
mm) from Life Technologies/Applied Biosystems (Carlsbad, CA, USA) at room
temperature (note from above that digestion at low temperatures is not required for most
online HDX experiments) in the same LC system. Just prior to digestion, the protein stock
solution was adjusted to low pH. Two different digestion solutions were used: for
phosphorylase b, the stock phosphorylase b protein solution was mixed with 100 mM
potassium phosphate, pH 2.66 in a in 1:1 (v/v) ratio; for cytochrome c and interferon
alpha-2b digestions, the protein stock solution was mixed with 100 mM potassium
phosphate, containing 1.5 M Guanidine-HCl and 500 mM TCEP, pH 2.66 in 1:1 (v/v) ratio.
After adjustment to low pH, each sample was immediately injected for online digestion.
Each protein solution passed through the pepsin column at 100 μL/minin 0.2% formic acid,
pH 2.50 (the pepsin column was re-equilibrated with the same buffer). The peptic peptides
were trapped and desalted online using an ACQUITY UPLC® BEH C18 1.7 μm
VanGuard™ Pre-Column (Waters) at 25 °C. The flow was diverted by switching valves, and
trapped peptides were eluted into an ACQUITY UPLC BEH C18 1.7μm, 1 mm × 100 mm
column (Waters) held at 25 °C. Peptides were separated with a 6 min linear acetonitrile
gradient (7-40%) containing0.1% formic acid at 40 μL/min. 1.5 M Guanidine-HCl in 0.1%
formic acid was injected to wash the pepsin column and a blank was run between digestion
samples to confirm that there was no carryover from either the trapping or the separation
steps.

For offline tryptic digestion, standard proteins were mixed with trypsin at a ratio of 50:1 (w/
w) and incubated for 4 hours at room temperature.The digest was acidified with 0.1% formic
acid at the end of incubation. A POROS trypsin column (2.1×30 mm) was purchased from
Life Technologies for online tryptic digestion. Standard proteins werepassed through the
columnat 10 μL/min for 30 min in 20 mM ammonium bicarbonate pH 7.9 at room
temperature. Both prepared digests were trapped and separated in same manner as pepsin
digestions.

The porcine pepsin, aspergillopepsin, and rice field eel pepsins (PG-1 and PG-2) were
prepared in 100 mM potassium phosphate (pH 2.54) for offline digestion. The same
instrumental setup as described above was used to identify the resulting peptides, except that
the chromatographic gradient was 8-42% B in 15 minutes.

Mass spectrometry
The eluent from LC separations was directed into a SYNAPT® MS mass spectrometer
(Waters) XEVO G2 Q-TOF mass spectrometer (Waters), which was equipped with
electrospray ionization and lock-mass correction using Glu-Fibrinogen peptide. Mass
spectra were acquired in MSE mode[36] over the m/z range of 50-2000. The peptides were
identified using ProteinLynx Global Server software (Waters) [36]. The identified peptides
from replicate digestions (up to N=31) were filtered with a number of parameters to increase
the accuracy of identification, particularly for the peptides that were produced by a non-
specific proteolysis. Ions that appeared to be adducts, neutral losses, and in-source fragments
were removed from consideration. A consistent narrow window of retention time (< 0.5%
RSD) in chromatographic separation, and the mass accuracy of precursor (< 6 ppm) and
product ions (<16 ppm) in resolution mode were considered. These parameters are important
in order to select reproducible peptides and determine their specificity and variability among
reproducible species. Each identified peptide must contain at least four product ions, each
matched with an accurate mass. A ratio of the number of product ions per amino acid
residue was calculated for various length peptides and the average ratio was set below 0.3 to
eliminate peptides identified with a smaller number of product ions (see Supplemental
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Figure S5). For example, for a peptide that consists of 12 amino acid residues, there must be
four or more product ions found in order for the identification and selection to be valid. This
calculation adds confidence in identification regardless of the peptide length. Finally, the
sequence coverage map was plotted using MSTools[37].

RESULTS AND DISCUSSION
How many digestions?

Identifying peptic peptides in one digestion by pepsin can be an easy task; however,
determining how reproducible these peptides are in many replicates may not be so easy.
Empirically, some peptides are always observed and others are not. We wished to
understand what complement of peptides could be found in every digestion, how many
times digestion must be performed to cover the entire sequence with reproducible peptic
peptides, and then how pepsin digestion is compared with aspergillopepsin and rice field eel
pepsin. The strategy was to digest the same protein many times with the same conditions
and use fairly stringent MS identification parameters to ensure that detected ions were
actually peptic fragments which could be reliably identified/sequenced by MS/MS (see
Materials and Methods). Note that in this experimental system, there was no precursor ion
selection (data-dependent acquisition) and MSE was used for all fragmentation. As a result,
fragmentation was highly reproducible as was the accurate identification of peptic peptides,
thereby allowing us to estimate the level of reproducibility and specificity of pepsin
digestion. As described below, we utilized online pepsin digestion for the bulk of the
reproducibility experiments, and then compared online digestion to offline digestion with
both pepsin and trypsin.

Pepsin proteolysis generally produces a very complex mixture of peptides, compared to the
other enzymes that cleave more specifically. When pepsin proteolysis is repeated with the
same digestion conditions in large replicates, some peptides are always generated whereas
some peptides are not found in every digestion. For example, a peptide, YYDRIPEL
(residues 730-737) of phosphorylase b produced by online pepsin digestion was identified
31 times in 31 digestions, whereas another peptide, DRIPELRQ (residues 732-739), was
only identified three times out of 31 digestions. From the digestion conditions we used for
HDX MS, 230-240 peptic peptides of phosphorylase b (~ 97k Da) were accurately identified
per digestion. When the digestion was repeated 10 and 31 times, the total number of
identified peptides (the sum of all peptides found in all 10 or all 31 digestions) increased to
2010 and 6256 peptides, respectively. However, within the large pool of peptides, not all
peptides were “reproducible”. Reproducible peptides are defined here as ones that were
found greater than or equal to N/2 times in N digestions. For instance, a peptide identified at
least 5 times in 10 digestions, was considered to be a reproducible peptide because the
probability of again finding the exact peptide in another digestion was high.

After 10 replicate digestions of phosphorylase b with pepsin, 164 peptic peptides were found
at least five times (N/2). These 164 peptides covered 82% of the phosphorylase b sequence
(see Supplemental Figure S1). Comparing the coverage map for N=10 digestions to the
coverage map constructed for N=5 digestions shows that both maps were quite similar with
same reproducible peptides (Supplemental Figure S1). Plotting the number of digestions
versus peptides observed (Figure 1) as the number of digestions was expanded to N= 5, 10,
20, and 31, it was found that the number of reproducible peptides was also similar, between
164 and 178 peptides, as shown in Figure 1A. One interesting conclusion from this data is
that one does not need to repeat digestion many times in order to determine what the
reproducible species are. From the plot in Figure 1A, only 5 to 10 digestions were required
to find the reproducible peptides of phosphorylase b.
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On the other hand, the peptides that were not reproducible (found less than N/2 in N
digestions) were found to be more in number, as illustrated in Figure 1B. There were from
213 to 616 different kinds of non-reproducible peptic peptides at N=5 versus N=31,
respectively. The degree of non-reproducibility seemed to significantly increase as the
number of digestions was increased, meaning that more and more peptides found less than
50% of the time (N/2) were produced the more digestions were performed. Complete
sequence coverage can be easily achieved when peptides that are found less than N/2 are
included (Supplemental Figure S2). Taken together, these results indicate that a set
compliment of peptides is always produced but that this compliment does not cover the
entire sequence of phosphorylase b. Multiple pepsin digestions are therefore needed to
qualitatively identify the entire compliment of reproducible peptides in a mixture of peptic
peptides, however, only a small number of replicated digestions (5-10 replicates) is required
to identify the reproducible peptides.

Variability in peptide signal intensity
In addition to what peptides are produced, the question arises as to the signal intensity of
each peptide and how reproducible that is. Not all peptic peptides are ionized to the same
extent, nor are they found in the same quantity after digestion. Empirically, it is known that
some peptide ions produce large signals while others are much less intense. We measured
both the intensity of each reproducible peptide and the reproducibility of the intensity signal
in replicate online pepsin digestions by determining the peptide peak area. The peptide peak
area was determined by taking the sum of MS intensities of all isotopic peaks in all charge
states that were detected [36]. From the same data acquired for identifying what ions were
produced (above), we analyzed the signals of reproducible peptides that were found five
times or more for N=10 digestions. The results are shown in Figure 2A where each vertical
bar represents the average peak area of the reproducible peptides. As expected, a wide range
of peptide peak intensity was detected and this agrees with empirical observations where
some ions are strong, some are weak. Importantly, many peptides in low abundance
appeared to be reproducible as well. Figure 2B describes the relative standard deviation
(RSD) of the peak area of the same peptides from Figure 2A. The overall %RSD of peak
area was well under 10% and the average of all was only5.4%.

The reproducible peptides in these experiments were generated with online pepsin digestion.
Since the digestion conditions such as the flow rate and digestion time were fixed, online
pepsin digestion provides a more robust digestion environment compared to in-solution
pepsin digestion. When phosphorylase b was digested with pepsin in solution and the
digestion repeated 10 times, the average %RSD of the peak area was found to be 17.0%
(data not shown, see Supplemental Table S1), which was much higher than the 5.4% found
for online pepsin digestion. When other proteins such as cytochrome c and interferon were
digested online (Table S1), the average %RSD of peak area was 6.4% (N=3) and 4.6%
(N=4), respectively. These values were similar to the results for phosphorylase b. A
comparison was also made for phosphorylase b digestion with trypsin, both online and
offline. The %RSD of the peak areas of the peptides was found to be 3.9% for online trypsin
digestion and 12.0% for offline trypsin digestion (Supplemental Table S1).

Beyond pepsin
As was shown above, multiple digestions under the same conditions do not necessarily
produce reproducible peptides that cover the entire sequence of a protein. Only 85% of the
sequence of phosphorylase b was covered with reproducible peptides after 31 digestions.
One well known way to tweak the digestion to produce different kinds of peptides is by
altering the digestion conditions by including additives in the digestion, such as denaturant
(e.g., [38, 39]). Another option is to change to, or supplement with, another enzyme(s), e.g.
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[24]. A number of other acid proteases have been investigated, as described above; we have
investigated pepsin from the rice field eel (Monopterus albus Zuiew) which is one more
options for HDX MS and other applications requiring acidic-pH digestion.

Pepsin from the stomach of rice field eels was recently described [34]. Freshly prepared rice
field eel pepsin was acquired and its digestion specificity in offline digestion was compared
to that of the more common acid proteases, pepsin and aspergillopepsin. Note that digestion
of test proteins for comparison among proteases was done offline (as rice field eel pepsin
was not immobilized for online digestion) and a slightly different chromatographic
separation gradient used (15 minutes instead of 6 minutes) compared to the analysis of
pepsin reproducibility described above. As shown in Figure 3, very different
chromatographic profiles were found in peptide separations of phosphorylase b digested by
the three enzymes offline. These digestions were conducted under the same conditions: the
amount of phosphorylase b, ratio of protein and enzyme in solution digestion, the digestion
time, pH, and temperature, as well as the same chromatography conditions. Some identical
peptides (with the same retention time and the same MS and MS/MS) were produced by the
different enzymes; however, many different kinds of peptides were also observed. In order
to illustrate how different these peptides were, a small example of the phosphorylase b map
(residues 241-480) produced by rice field eel pepsin, porcine pepsin, and aspergillopepsin is
shown in Figure 4 (see Supplemental Figure S3 for full maps). As calculated from the full
maps, a total of 145, 221, and 122 overlapping peptides (equating to 88, 97, and 62%
sequence coverage of phosphorylase b) were generated upon digestion with rice field eel
pepsin, porcine pepsin, and aspergillopepsin, respectively. The most efficient proteolysis
was accomplished by porcine pepsin which produced the most peptides and the highest
sequence coverage. Rice field eel pepsin performed better than aspergillopepsin under the
same digestion conditions. The peptides used to make all these comparisons, again, were
reproducible ones that were found at least three times in five repeated digestions in solution.

Given that the sequence of each peptide was determined, from the same data it was also
possible to draw some general conclusions about specificity. One must be careful with
making precise conclusions about specificity without a large database of thousands of
cleavage points. The current dataset is not large enough to make definitive conclusions but
some general trends can be observed. In agreement with previously published results [19,
20, 22, 23], pepsin had a high cleavage frequency C-terminal to leucine and phenylalanine.
This trend was repeated for rice field eel pepsin and aspergillopepsin, again demonstrating
that aspartic proteases prefer bulky hydrophobic residues in the P1 position. For example, all
three proteases specifically cleaved between L243 and W244 (-RL|WS- as indicated with the
red dashed line in Figure 4). There were other digestion trends between the three proteases
that were not so similar. Rice field eel pepsin and aspergillopepsin cleaved between N453
and G454 (-VN|GV- as indicated with the blue dashed line in Figure 4) whereas porcine
pepsin did not cleave this sequence at all.

Even though certain preferential cleavage sites were obvious, i.e. bulky hydrophobics, the
cleavage specificity for the other residues had more variability and was harder to predict.
Figure 5 demonstrates the cleavage frequency per amino acid residue, comparing the %
cleavage frequencies of rice field eel pepsin, porcine pepsin, and aspergillopepsin. The
cleavage frequency was determined from the ratio of the number of cleavages observed at
each amino acid over the total number of cleavages observed, a calculation done for both the
P1 and P1’ positions. A few trends can be observed from these data. Rice field eel pepsin
showed the highest cleavage frequency at leucine followed by phenylalanine at P1. This
trend was repeated for porcine pepsin, however aspergillopepsin did not cleave as frequently
with phenylalanine in P1. Instead, aspergillopepsin was able to accommodate arginine,
asparagine, and histidine in the P1 position much better than the other enzymes. These
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results are in good agreement with those reported previously [24, 28]. Second, Figure 5A
suggests that cysteine, glycine, isoleucine, lysine, proline, serine, valine, and tryptophan at
P1 were generally unfavorable for cleavage (although not impossible, see note above about
broad specificity conclusions from small digestion datasets), with cleavage frequencies less
than 5% for these residues in P1 all three enzymes. Third, the amino acid preference for
position P1’ was more similar for all enzymes, with a few notable exceptions. Rice field eel
pepsin showed relatively high cleavage frequencies for residues such as lysine, arginine,and
glycine at P1’ compared to the other two enzymes. Forth, the average length of the peptides
produced by rice field eel pepsin, porcine pepsin, and aspergillopepsin were similar, as
shown in Figure 6. Most of the reproducible peptides were between 5-22 residues long. Each
enzyme produced peptides with an average length of 14 residues. The final trend we wish to
point out is that rice field eel pepsin isomers showed quite similar digestion specificity but
one of the isomers, PG-1, showed better digestion efficiency than the other two, PG-2 and
PG-3. Phosphorylase b sequence coverage was 88% and 64% for PG-1 and PG-2,
respectively (see Supplemental Figure S4; data for PG-3 not shown). As aspartic proteases
often have isoforms (e.g., human pepsin A has three isoforms, A1, A2, A3[40], Antarctic
rock cod has two isoforms [21]), perhaps such differences as observed for rice field eel
pepsin exist for other species in terms of variation in activity and specificity between
isoforms.

CONCLUSIONS
We have evaluated the reproducibility of pepsin digestions to determine how many
digestions are required to obtain reproducible peptic peptides. The collection of reproducible
peptides can be determined from repeated digestions and we reported that the number of
reproducible peptides in pepsin digestions becomes constant even as the number of pepsin
digestions is increased. Non-reproducible peptides are generated in large numbers of
digestions and they contribute to the complexity of pepsin digestion. For our example large
protein from the cytoplasm, phosphorylase b, highly reproducible peptides that cover greater
than 85% of the amino acid sequence can be achieved, with many of the peptides
overlapping. Peptic peptides are quantitatively reproducible, as shown by measuring the
intensity of each peptide signal, and the average percent relative standard deviation of the
intensity was 5.4%. We investigated aspartic acid proteases besides pepsin, namely, rice
field eel pepsin and aspergillopepsin and compared digestion efficiency and specificity to
porcine pepsin. Despite relatively low specificityin both the P1 and P1’ positions, we found
generally better cleavage specificity for rice field eel pepsin at arginine, asparagine, and
glycine, as compared to the other enzymes. Similar to porcine pepsin and aspergillopepsin,
rice field eel pepsin showed the ability to tolerate the acidic quench conditions needed for
HDX experiments. Different kinds of peptides produced by the various proteases can
enhance protein coverage and consequently these aspartic proteases improve the spatial
resolution of HDX MS data due to many different overlapping peptides.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

HDX MS hydrogen deuterium exchange mass spectrometry
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Highlights

• Reproducible peptides (found >N/2 times in N digestions) were identified from
a large number of replicate digestions.

• The number of unique peptic peptides identified continues to increase with more
digestions whereas the number of reproducible peptides plateaus above 5-6
replicate digestions.

• The reproducibility of the MS signal for all reproducible peptides was quantified
and the average error of peptide intensity was 5.4% RSD.

• Pepsin from the rice field eel was characterized and its specificity was compared
to porcine pepsin and aspergillopepsin.
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Figure 1.
Pepsin digestion reproducibility. (A) The number of reproducible peptides identified
inreplicate pepsin digestions (N). A reproducible peptide was defined as one that appeared
in N/2 digestions. From the plot, a consistent number of reproducible peptides
(approximately 170 peptides of phosphorylase b) were produced above approximately 5
replicate digestions. (B) Comparison of the reproducible versus non-reproducible peptides in
replicate pepsin digestions(N). An increasing number of non-reproducible peptides (triangle)
were observed as the number of digestions increased. Among the non-reproducible peptides,
greater than 50% of them were only identified once out of N times of digestions (diamond).
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Figure 2.
Quantitative reproducibility of peptic peptides generated in 10 replicate digestions. The
dynamic range of the signal intensity (A) indicates that there was wide variety in mass
spectral intensity of peptide ions. Each signal had relatively small error bars, determined
from the variability within the set of 10 digestions. The percent relative standard deviation
of the peptide signals (B) was plotted in order of decreasing %RSD. The average %RSD of
peak area for the reproducible peptic peptides was 5.4% (dotted line).
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Figure 3.
Chromatographic separations of the peptides produced during digestion of phosphorylase b
with porcine pepsin (top), rice field eel pepsin (middle), and aspergillopepsin (bottom).
Comparing the peptide separation profilesshows that each enzyme produced significantly
different peptides upon digestion of the same test protein under identical conditions.
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Figure 4.
Sequence map comparison of phosphorylase b digested by rice field eel pepsin (cyan),
porcinepepsin (yellow), and aspergillopepsin(pink). Only a small portion of the digestion
map is shown here (for full map, see Figure S3). Each protease showed different digestion
efficiency under the same digestion conditions achieving 88, 97, and 62% coverage (over
the entire map, not just the small potion shown here) for rice field eel pepsin, porcinepepsin,
and aspergillopepsin, respectively. Digestions were repeated (N=5) and reproducible
peptides were selected for ones identified at least 3 times or greater. The red and blue dashed
lines are cleavage points discussed in the text. The sequence coverage map was created
using MSTools[37].
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Figure 5.
Cleavage frequency during phosphorylase b digestion. Percent cleavage frequencywas
plotted for each amino acid located at P1 and P1’ (where P1 and P1’ indicatethe residue N-
terminal or C-terminal to the cleaved peptide bond, respectively, as shown at the top right
for the example sequence GFRT). Asterisks (*) indicate some interesting differences
discussed in the text.
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Figure 6.
Digested peptide length after cleavage by rice field eel pepsin (red), porcine pepsin (yellow),
and aspergillopepsin (black). The average peptide length was 14residues for all three
enzymes. Because the digestion efficiency of porcine pepsin was higher than the other
enzymes under same digestion conditions, the total number of reproducible peptides that
were produced appears larger.
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