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Pressure Cycling-Accelerated Digestion with Trypsin:
Effect of Urea on Digestion at Pressure

Introduction

The positive effect of Pressure Cycling Technology (PCT) on digestion with trypsin is well established [1-5], and
has been shown to result in improved sequence coverage, higher peptide intensities and significantly reduced
digestion times. Additionally, the enhancing effect of PCT on the activity of several other enzymes, including
Lys-C [6], chymotrypsin [7, 8], Glu-C [9], thermolysin [10], Proteinase K [11], PNGase F [12], and lysozyme [13],
has been reported.

Pressure, as well as heat and a variety of chemicals, can be used to denature proteins, but the pressure-
perturbed proteins assume conformational forms that are different from those caused by thermal or chemical
treatments [14]. Pressure-induced denaturation of substrate proteins leads to better access of enzymes to
previously inaccessible, or poorly accessible, target sites. This, in turn, results in improved and accelerated
enzyme activity, as long as the level of applied pressure is below the level at which the enzyme itself is
denatured and inactivated. Since urea also has a strong denaturing effect on protein conformation, the effect of
urea concentration on trypsin digestion under pressure was evaluated. The goal of this work is to provide the
user with the best set of starting conditions for pressure-enhanced trypsin digestion of proteins in urea-
containing buffer.

PCT Sample Preparation System (PCT SPS)

Pressure Cycling Technology uses hydrostatic pressure cycles to control biomolecular interactions and to
accelerate certain enzymatic reactions. The samples in the pressure chamber are exposed to rapid and
repeated pressurization from atmosphere (14.7 psi) to levels as high as 45,000psi (45kpsi), or higher in some
applications.

The PCT sample preparation system is comprised of a Barocycler instrument, such as the 2320EXT, and high
pressure-resistant sample containers such as PCT MicroTubes with MicroCaps. The specially designed PCT
MicroTubes are single-use sample processing containers made of a non-reactive Teflon-like material. These
tubes are designed to hold 50-150ul of sample. MicroCaps of different lengths are used to displace excess air
in MicroTubes. Other sample containers, that are suitable for larger sample volumes up to 1.4ml, are also
available. Up to 16 MicroTubes at a time can be pressure cycled in the 2320EXT, to allow batch-mode
processing of multiple samples.

Results and Discussion

Based on previous data [1], it was predicted that the combined effect of high urea concentration and pressure
cycling at pressure levels above ~20kpsi, would result in trypsin denaturation and a reduction in enzyme
activity and protein digestion. However, the results in Figure 1 demonstrate that even in 2M urea, trypsin is still
active at both 20kpsi and 45kpsi. In fact, all three difficult-to-digest model proteins (myoglobin, ubiquitin and
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Figure 1. Effect of pressure level and urea concentration on trypsin digestion of 3 model proteins.
Samples were incubated at ambient pressure (atm) or with pressure cycling at the indicated pressure, for 1 hour
(60 pressure cycles). Control reactions were incubated without enzyme. Digestion is indicated by loss of the
intact parent protein band. Digestion of BSA is enhanced by increasing urea concentration and increasing
pressure, with best digestion observed at 45kpsi at all three urea concentrations (OM, 0.8M and 2M). Digestion of
both myoglobin and ubiquitin is slow at ambient pressure and at 20kpsi, but proceeds much more quickly at
45kpsi, especially in buffer supplemented with 0.8M or 2M urea.
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unreduced BSA) are digested most effectively in 2M urea at 45kpsi, suggesting that the benefit of high
pressure and urea on the overall digestion reaction outweighs any negative effect the high urea concentration
has on trypsin activity under these conditions. Similar results were also been observed in samples of whole,
unreduced rat skeletal muscle lysate (Figure 2).

To examine more directly the effect of urea and

37c 37c 37c high pressure on trypsin enzyme activity, reactions
MNolrea ~ 08MUrea 2Mprea were carried out using a small chromogenic trypsin
ER it Syt e 0, S0t Bt substrate (BAPNA) to assay the effect of pressure on
trypsin itself, rather than on the substrate proteins.

Figure 2. Effect of pressure level and urea
concentration on trypsin digestion of native
proteins in whole tissue lysate. Samples were
incubated at ambient pressure (atm) or with
pressure cycling at 45kpsi, for 30 minutes (30
pressure cycles). Protein disulfide bonds were not
reduced prior to trypsin digestion. Control
reactions incubated without enzyme are shown
for comparison. Digestion is indicated by loss of
the intact parent protein bands and an increase in
small molecular weight fragments near the bottom
of the gel. Trypsin digestion at 45kpsi is more
effective than at atm. Digestion is enhanced in the
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Figure 3. Trypsin activity assay. Effect of increasing
urea concentration on trypsin activity at ambient
pressure and at 20kpsi. Trypsin activity assayed with
synthetic substrate in the presence of different
concentrations of urea. Data are expressed relative to
control reactions carried out in buffer alone (no urea).
Samples incubated at atm are normalized to control at
atm, samples at 20kpsi are normalized to control at
20kpsi. Samples were incubated at ambient pressure Figure 4. Effect of pressure level and up to 3M
(atm) or with pressure cycling. urea on trypsin digestion. Samples were
incubated at ambient pressure (atm) or at the
indicated pressure, for 1 hour (60 pressure
cycles). Protein disulfide bonds were not reduced
prior to digestion. Digestion is indicated by loss of
the parent protein bands and an increase in small
molecular weight fragments. Best digestion is
achieved at 45kpsi in 1.5M and 3M urea,
indicating that the enzyme is still active under
these conditions. At the lower pressure (20kpsi),
increasing urea from 1.5M to 2M improves
digestion. Untreated lysate (control) is shown for
comparison.

BAPNA cleavage releases a product that absorbs at 405nm.
Trypsin activity can be estimated based on the rate at which
the absorbance increases. Since the substrate is much
smaller than a protein, pressure-induced unfolding of the
BAPNA molecule should have relatively little effect on overall
reaction kinetics. However, any pressure-induced change in
trypsin activity will be readily detected. As shown in Figure 3,
increasing urea concentration results in decreased enzyme
activity, both at ambient pressure, and with pressure cycling
at 20kpsi. Based on results such as these, it is
recommended that urea concentration should be kept at or
below 1.6-2M for best digestion results under pressure.
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However, in some cases, especially where urea is already present in the sample, it may be impractical to dilute out
the urea to 2M or less. The results shown in Figure 4 suggest that urea at concentrations of up to 3M can be
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Figure 5. Effect of pressure level and up to 4M
urea on trypsin digestion of model proteins.
Ubiquitin or BSA digests were incubated at
ambient pressure (atm) or at the indicated
pressure, for 1 hour (60 pressure cycles).
Digestion is indicated by loss of the parent
protein bands. Best digestion of ubiquitin is
achieved at 45kpsi in 2M urea. Increasing urea to
4M reduces digestion of this protein at 45kpsi,
likely due to reduced trypsin activity. At the lower

compatible with pressure-enhanced trypsin digestion at both
20kpsi and 45kpsi.

However, further increasing urea to 4M can have a negative
impact on overall digestion, compared to digestion in lower
urea. Data in Figure 5 suggest that increasing urea from 2M
to 4M can result in less effective digestion at 45kpsi. This
effect is clearly seen in the ubiquitin digest, were the protein
is much more digested at 45kpsi in 2M urea than at 45kpsi in
4M urea. However, note that digestion of ubiquitin at 20kpsi
is enhanced by increasing urea from 2M to 4M, so the
negative effect is due to a combination of the higher urea
concentration and higher pressure. In addition, it is important
to note that although ubiquitin digestion in 4M urea at 45kpsi
is less efficient than in 2M urea at 45kpsi, it is nonetheless
more effective than either ambient pressure, or 20kpsi (at all
urea concentrations tested). This effect may be protein-
specific, as digestion of (unreduced) BSA in 4M urea at
45kpsi appears to reach completion within the one hour

pressure (20kpsi), increasing urea from 2M to 4M

improves digestion of both ubiquitin and BSA. digest.

The benefit of increasing digestion pressure from 20kpsi to
45kpsi is evident in the data presented in Figures 1, 4 and 5. However, gel images of digested proteins do not
address the question of enzyme specificity at the higher pressure. Figure 6 presents data comparing the specificity of
trypsin digestion in 0.8M urea, at 20kpsi and 45kpsi. The results indicate that neither miscleavage, nor semi-tryptic
cleavage, are significantly increased in samples digested at the higher pressure (data are pooled from n=3
replicates). These results suggest that performing pressure-enhanced trypsin digestion at 45kpsi does not reduce
enzyme cleavage specificity, and can be used when digesting difficult-to-digest samples, such as disulfide-intact
(unreduced) proteins.

Peptide 1Ds Figure 6. Trypsin cleavage specificity at
20kpsi and 45kpsi. Liver lysates in 0.8M urea
were digested with trypsin for 90mins at 35° C.
Total peptide IDs, as well as the number of tryptic
peptides (with or without missed cleavages),
tryptic peptides containing no missed K or R sites
(no miscleavages), tryptic peptides with up to 3
miscleavages, and semi-tryptic  peptides
containing a non-tryptic cleavage at one end, are
shown. These data suggest that digestion at
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Conclusion

Here we examined the benefit of hydrostatic pressure cycling for accelerated trypsin digestion of model
proteins and tissue lysates. We demonstrate that digestion of difficult-to-digest samples, such as ubiquitin and
disulfide-intact muscle homogenates, can be accelerated by carrying out the digestion reaction in the
Barocycler. Furthermore, we show that digestion at 45kpsi proceeds more quickly than at 20kpsi, and that
digestion at the higher pressure is not associated with a loss of enzyme specificity.

The effect of urea at various concentrations was also examined, to determine the optimal concentration range
that is compatible with high pressure digestion. The results presented here indicate that urea at up to ~2M can
be used with little negative effect on enzyme activity, even in reactions carried out at 45kpsi. Preliminary data
also suggest that up to 3M urea can be used at this pressure, although sample-specific optimization of the
pressure level is recommended for trypsin digests containing urea at >2M. However, the combination of very
high pressure (45kpsi) and 4M urea, is shown to have a negative effect on the trypsin activity. Therefore, it is
strongly suggested that samples containing >3M urea be either; A) diluted to reduce urea concentration to the
recommended range prior to pressure-enhanced digestion, or B) digested at a lower pressure (e.g., 20kpsi,
although the exact pressure may be need to optimized for the sample type and urea concentration being used).
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The best starting conditions for PCT-accelerated trypsin digestion in the presence of urea are summarized in
the table below. These suggested conditions can be used “as-is” or as a starting point for further optimization
by individual users to generate optimized pressure-enhanced protocols for specific applications and sample

types.

Suggested Starting Conditions for Pressure-accelerated Trypsin Digestion of Proteins in Urea

20-45kpsi (45kpsi is recommended for most applications with native proteins, or other

Pressure difficult-to-digest samples. 20kpsi is recommended for reactions containing >3M urea).

Cycle profile 50 sec at high pressure/ 10 sec at ambient, per cycle.

90 cycles for most applications with native proteins (60 cycles are usually sufficient if

Number of cycles proteins are denatured and reduced prior to digestion).

35-37° C is recommended to avoid/minimize carbamylation. If carbamylation is not a

Temperature concern, then temperatures up to 50° C can be used.

50-100mM ammonium bicarbonate (other buffers can also be used, but may require

Suggested Buffer additional optimization)

Compatible urea Up to 2M (higher concentrations, up to 4M, can be used in some applications, but may
concentrations require additional optimization).

Materials and Methods

Trypsin enzyme was purchased from Promega (sequencing grade, #V5111). Model proteins; ubiquitin, myoglobin,
and BSA were from Sigma. BSA disulfide bonds were not reduced prior to digestion (ubiquitin and myoglobin do not
contain disulfide bonds). Model protein digests were carried out using 100ul of reaction per MicroTube, with 1:50
enzyme-to-substrate ratio (w/w).

Rat skeletal muscle tissue (from Pel-freeze) was homogenized in 100mM ammonium bicarbonate, then
supplemented with the indicated concentration of urea. The muscle homogenate was prepared in large batches
(~5ml at a time) using a standard Dounce homogenizer, so that multiple digest conditions could be assayed using
aliquots of a single sample. This minimizes sample-to-sample biological variability, making it easier to directly
compare different digest conditions. Differences observed between aliquots of a single lysate are likely due to the
digestion efficiency, and not to differences between different pieces of tissue. The native, disulfide-intact homogenate
suspension was used for trypsin digestion without further processing (Figures 2 and 4). Skeletal muscle digests were
carried out using 100ul of reaction per MicroTube, with 1:400 enzyme-to-substrate ratio (w/w), based on Bradford
assay of the total protein concentration in the homogenate.

Rat liver (from Pel-freeze) lysate stock (for Figure 6) was prepared in 8M urea/50mM ammonium bicarbonate, as
described above. The homogenate was reduced and alkylated with TCEP and iodoacetamide, then diluted prior to
trypsin digestion (to 0.8M urea). Liver digests were carried out using 1:50 enzyme-to-substrate ratio (w/w), with 150ul
of reaction per MicroTube. Peptides were cleaned up using C18 SPE columns (Empore C18, Sigma) per
manufacturer’s instructions, and were run on a Sciex 6600 equipped with a Turbo V source. Peptides were separated
over a 90 min run time using an SGE C18G 250 mm x 300 pm, 3um column after trapping on an SGE C18G trap
column 10 mm x 300 pm, at a flow rate of 5puL/min. The data were searched using ProteinPilot 5.0 (thorough search
with FDR calculation) against all rat sequences extracted from UniProt.

All digests, including controls at ambient pressure, were carried out in PCT microTubes at 37° C (liver digests at
35° C). Pressure-enhanced digests were incubated in a Barocycler 2320EXT, in Barocycler Mode using 1 minute
cycling parameters (50 sec at the high pressure and 10 seconds at ambient per cycle). Digested and control samples
were denatured, and reduced with DTT in laemmli buffer, prior to gel electrophoresis. Digestion was assayed by loss
of intact protein bands on SDS-PAGE.

Trypsin activity was measured using the chromogenic substrate, Nq-Benzoyl-D, L-argenine 4-nitroanilide
hydrochloride (BAPNA). BAPNA assays were carried out at 37° C, in 50 mM ammonium bicarbonate supplemented
with the indicated concentration of urea, using 2 pg/ml trypsin and 500 ug/ml BAPNA (Sigma).
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