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High pressure optical spectroscopy and real-time enzyme kinetics: 
II.  The effects of high pressure, temperature, and solvent on lysyl 
endoproteinase activity  
 
 

1.  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 (e.g. water is compressed 11.5% at 60 kpsi) thus 
concentrating the enzyme, substrate, and its reaction product [1,2].  Secondly, high pressure drives the 
denaturation and unfolding of proteins to expose previously inaccessible cleavage sites.  While the 
positive effects of temperature and pressure on the activity of several proteases are known [2-5], 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 rate at which lysyl endoproteinase (Lys-C) digests a 
synthetic chromogenic substrate, was investigated.   
 
 

2.  METHODS AND MATERIALS 
 
2.1 High pressure spectroscopy with the HUB880 high pressure generator 
 
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/Vis 
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 (Figure 1).  The optical cell was pressurized and depressurized at a rate not exceeding 1000 
psi/s.  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 (PBI, South Easton, MA, USA) with thermocouple 
interface.  Temperature of the optical cell was maintained to within 0.6°C of the target temperature. 
 
 

2.2   Lys-C digestion of a chromogenic substrate 
 
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-HCl 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 100 mM ammonium bicarbonate (AmBiC) reaction 
buffer.  Alternatively, the reaction buffer was 10% acetonitrile in 100 mM AmBiC or 5M urea, 267 mM 
GuHCl in 100 mM Tris-HCl pH 7.0.  Lys-C was added to each reaction to a final concentration of 0.04 
ug/mL.   
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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 3).  An increase in absorbance corresponding to decreasing activation volume 
was observed with each incremental increase in pressure (Figure 2).  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   High pressure spectroscopy and real-time kinetics of Lys-C  
 

The synergistic effect of elevated pressure and temperature on enzyme activity was observed with Lys-C.  
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 4), whereas enzyme activity was significantly decreased in the presence of 5M urea (Figure 5). 
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