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INTRODUCTION

The rate, specificity, and efficiency of proteolytic digestion
profoundly impact bottom-up mass spectrometry analysis of

proteins, since incomplete or non-specific proteolysis
produces additional fragments that convolute data
interpretation and obscure quantitative analysis. High

hydrostatic pressure enhances enzyme activity via at least
two mechanisms. First, high pressure decreases the
activation volume of the reaction by compressing the solvent
thus concentrating the enzyme, substrate, and its reaction
product [1,2]. Secondly, high pressure drives the
denaturation and unfolding of substrate proteins to expose
previously inaccessible cleavage sites. While the positive
effects of temperature and pressure on the activity of several
proteases are known [3-5], the potential synergy of elevated
temperature with pressure has not been fully characterized,
particularly in terms of real-time kinetic studies within a
context of proteomic sample preparation. Using a high
pressure optical cell coupled to a programmable high
pressure generator, the effects of elevated pressure (0-60
kpsi) and temperature (23°C to 55°C) on the rates at which
trypsin, chymotrypsin, and endoproteinase Lys-C digest their
respective synthetic chromogenic substrates, were
investigated.
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FIGURE 1

High pressure spectroscopy (HPS) for real-
time kinetics analysis

(A) HUB880 programmable high pressure generator (pg)
coupled to the high pressure optical cell (oc) mounted in the
sample compartment of the Shimadzu UV2501-PC UV/Vis
spectrophotometer (sp). Temperature controller (tc) controls
heating elements embedded in the optical cell. (B) High
pressure optical cell. (C) Programmed pressure steps using
the ramp mode feature of the HUB Version 2.3.6 software.

FIGURE 2
Real time kinetics of trypsin conversion of
BAPNA measured in the high pressure optical

cell
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Trypsin digestion rate measured real time in the high
pressure optical cell over a 30 minute total reaction time with
incremental 10 kpsi pressure increases programmed to occur
every 270 seconds. Note the gradually decreasing slope with
each increase of pressure. Experiment performed at 23°C.

FIGURE 3
Batochromic shift in pNA absorbance at high
pressure
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Spectral analysis of p-nitroaniline (pNA), the reaction product
produced by digestion of the synthetic substrates used in
these experiments. A batochromic shift in absorbance at
elevated pressures in the absence of enzyme. Absorbance
maximum shifted from 375 nm at atmospheric pressure
(dashed blue line) to 384 nm at 60 kpsi (solid dark red line)
measured at 23°C. Note the increase in absorbance with
each incremental increase in pressure. Unconverted
BAPNA (green) does not interfere significantly at 405 nm.
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2. METHODS AND MATERIALS

2.1 High pressure spectroscopy

High pressure spectroscopy was performed in a high pressure
optical cell equipped with 6.4 mm thick sapphire windows (ISS,
Champain, IL, USA). The optical cell was interfaced with a UV-
2501PC UV/Nis recording spectrophotometer (Shimadzu, Kyoto,
Japan) using UVProbe 2.5 software for data acquisition. The
optical cell was pressurized sequentially to 10, 20, 30, 40, 50 and
60 kpsi in the HUB880 pressure generator (PBIl, South Easton, MA,
USA). Pressure was held constant for 180 seconds at each
pressure, as programmed using the ramp mode feature of the HUB
Version 2.3.6 software, during which absorbance at 405 nm was
recorded at one second intervals (Figure 2).

The optical cell was heated with four 45W cartridge heaters
(McMaster-Carr, Princeton, NJ, USA) controlled by a PBI Intelligent

Temperature Controller (PBl, South Easton, MA, USA) with
thermocouple interface.

2.2 ENZYMES AND SUBSTRATES

2.2.1 Trypsin

Sequencing grade modified porcine trypsin (Promega, Madison,
WI, USA) was reconstituted to 0.2 mg/mL concentration in 50 mM
acetic acid. N-benzoyl-L-arginine p-nitroanilide (BAPNA) substrate
was prepared as a 50 mg/mL stock solution in DMSO. BAPNA was
added to a final concentration of 1 mg/mL in 50 mM ammonium
bicarbonate (AmBIC) reaction buffer. Trypsin was added to the
reaction to a final concentration of 1 ug/mL.

2.2.2 Chymotrypsin

Sequencing grade chymotrypsin from bovine pancreas (Promega,
Madison, WI, USA) was reconstituted to 0.02 mg/mL in 0.1 mM
HCI. N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide (AAPP-pNa)
substrate was prepared as a 12.5 mg/mL stock solution in DMSO.
AAPP-pNa was added to a final concentration of 0.25 mg/mL in
100 mM Tris-HCI pH 8.0 reaction buffer supplemented with 10 mM
CaCl,. Chymotrypsin was added to the reaction to a final
concentration of 0.16 ug/mL.

FIGURE 4

Synergistic effects of pressure and temperature
on digestion rates of three proteases
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(A) Trypsin digestion of BAPNA at pressure ranging from
atmospheric to 60 kpsi and temperature ranging from 23°C to
55°C. Digestion rates are reported as mean slope derived
from triplicate digests. (B) Chymotrypsin conversion of
AAPP-pNa. Note the negative inflection centering near 42
(C) Lys-C conversion GPL-pNA. Note the positive

Kpsi.

inflection between 45°C and 55°C.
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FIGURE 6

Effect of acetonitrile on Lys-C digestion rate

A. 100 mM ammonium bicarbonate
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B. 10% acetonitrile, 100 mM ammonium bicarbonate
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Lys-C digestion of AAPP-pNa substrate in (A) 100 mM AmBIiC
or (B) 100 mM AmBIiC containing 10% acetonitrile. Digestion

FIGURE 5

Heat maps showing relative rates of substrate

conversion by three enzymes

60
50
40
30
20
10

pressure (kpsi)

60
50
40
30
20
10

pressure (kpsi)

A. Lys-C
1.0 3.0 4.4
1.0 2.6 3.9
0.9 2.2 3.5
0.8 1.8 2.9
0.7 1.4 2.5
0.5 1.2 2.1
0.5 1.0 1.4
23 37 45
C. trypsin
0.2 0.7
0.2 0.7
0.3 0.7
0.3 0.7
0.4 0.8
0.6 0.9
0.6 1.0
23 37 45 55

temperature (°C)

50
45
40
30
20
10

60
50
40
30
20
10

B. chymotrypsin

0.9 1.7

1.1 1.6

1.0 1.6

0.9 1.6

0.8 1.5 8.1

0.6 1.0 6.7 8.2
0.7 1.0 5.1 6.4
23 37 45 55

D. BAPNA control

0.0 0.0 0.1 0.3
0.0 0.0 0.1 0.2
0.0 0.0 0.0 0.2
0.0 0.0 0.0 0.1
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
23 37 45 55

temperature (°C)

Relative rates of substrate conversion (expressed relative to
the rate of conversion for each enzyme at atmospheric
pressure at 37°C) for (A) Lys-C, (B) chymotrypsin, and (C)
trypsin. A synergy of high pressure and temperature was
observed for chymotrypsin and Lys-C. Note the opposite
trend observed for trypsin. (D) BAPNA control showing
minimal conversion to pNA in the absence of enzyme.

rates reported as mean slope derived from triplicate digests.
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2.2.3 Lys-C

Lyophilized mass spectrometry grade Lys-C from Lysobacter
enzymogenes (Wako Chemicals, Richfield, VA, USA) was
reconstituted to 0.2 mg/mL in 2 mM Tris Tris-HCI pH 8.0.
N-(p-tosyl)-Gly-Pro-Lys p-nitroanilide (GPL-pNA) substrate was
prepared as a 50 mg/mL stock solution in ethanol. Tosyl-GPL-pNa
was added to a final concentration of 0.25 mg/mL in the reaction
buffer. Lys-C was added to the reaction to a final concentration of
0.04 ug/mL.

3. RESULTS AND DISCUSSION

3.1 Batochromic shift in pNA absorbance

A red shift in pNA absorbance maximum was observed by HPS,
from 375 nm at atmospheric pressure to 384 nm at 60 kpsi (Figure
2). An increase in absorbance corresponding to decreasing
activation volume was observed with each incremental increase in
pressure (Figure 3). The observed 9.2% increase in absorbance at
60 kpsi agreed closely to the theoretical 11.5% compressibility of
water at that pressure.

3.2 HPS Kkinetics of trypsin

A gradual decrease in trypsin digestion rate was observed with
each increasing pressure increment over all of the temperatures
tested (Figure 4). At 55°C, trypsin digestion rates increased only
2.1 and 1.7 fold at 0 and 40 kpsi, respectively, compared to 37°C at
atmospheric pressure (Figure 5). Previously, Lopez-Ferrer et al.
[3] demonstrated the rapid trypsin digestion of proteins at high
pressure and improved LC-MS analysis with more peptide
identifications and fewer miscleavages.

3.3 HPS kinetics of chymotrypsin

The rate at which chymotrypsin digests its chromogenic substrate
was highest at 45 kpsi at 55°C, representing a 13.3-fold increase
relative to 37°C at atmospheric pressure (Figure 5). An apparent
inflection point centering at 42-43 kpsi was observed, above which
the enzyme is gradually inactivated (Figure 4).
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FIGURE 7

Effect of urea-GuHCI on Lys-C digestion rates

A. 100 mM ammonium bicarbonate
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Lys-C digestion of AAPP-pNa substrate in (A) 100 mM
AmBIC reaction buffer or in (B) 5M urea, 267 mM GuHCI
as described [5] for Lys-C digestion of unreduced IgG.

3.4 HPS kinetics of Lys-C

The synergistic effects of elevated pressure and temperature on
enzyme activity was most pronounced with Lys-C (Figure 4). The
rate of GPL-pNa substrate conversion was increased 21.2-fold at
55°C at 60 kpsi relative to room temperature at atmospheric
pressure, and 11.2-fold compared to 37°C at atmospheric
pressure (Figure 5). Data suggests that it may be possible to
further increase digestion rate at even higher pressure and higher
temperature.

Lys-C digestion rates were further increased by the inclusion of
10% acetonitrile in the reaction buffer (Figure 6), whereas enzyme
activity was significantly decreased in the presence of 5M urea
(Figure 7).

3.5 Summary

High pressure accelerates several proteases by directly
affecting the catalytic velocity, in addition to substrate
unfolding and effects of compression on concentrations of
reactants. High pressure optical spectroscopy can be
effective in optimization of enzymatic and chemical reactions
at high hydrostatic pressure.
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