
Type II transmembrane serine proteases (TTSPs) have been of great interest due to their different 
cellular functions [1]. The finding that TTSPs are involved in tumor invasion, metastasis and heart 
failure has been a strong impetus on the development of TTSP inhibitors. Enteropeptidase, the first 
member of this group, plays a central role in the activation of digestive enzymes by catalyzing the 
conversion of the inactive precursor trypsinogen to trypsin (Scheme 1, reaction I). It is characteristic 
of proteolytic enzymes that they are synthesized as inactive precursors, termed zymogens, being 
activated autocatalytically or by other proteinases. 

Organic osmolytes, also called compatible solutes, have been associated with the ability to stabilize [2] 
or protect certain proteins against proteolytic cleavage [3,4]. To prevent interactions, proteins 
preferentially exclude compatible solutes from their vicinity. It was demonstrated that preferential 
hydration of proteins in the presence of compatible solutes is the reason for an improved stability [5]. 
Apparently, the presence of some compatible solutes opposes the enlargement of surface area, 
prevents unfolding and favors a more compact protease-resistant conformation. Furthermore, the 
observation that every compatible solute affects each protein in a different way due to unique features 
and surfaces composition is in agreement with our results.

Table 1: Influence of solutes on the cleavage
of low-molecular weight substrates

Our results revealed that ectoine protected trypsinogen against enteropeptidase-catalyzed activation 
(Fig. 2A, 3). Furthermore, in the presence of high concentrations of ectoine the cleavage of the low-
molecular weight substrate by enteropeptidase was also significantly inhibited (Table 1). These 
observations indicate, that ectoine not only protected trypsinogen but also affected enteropeptidase 
directly. High concentration of betaine also decreased enteropeptidase-catalyzed processing of the 
macromolecule trypsinogen whereas it did not influence the cleavage of the low-molecular weight 
substrate. The effect of hydroxyectoine on trypsinogen activation and naphthylamide cleavage was not 
significant. Above all, ectoine prevented the complete loss of tryptic activity (Fig. 4) during 
incubation. This feature was exclusively observed in the presence of ectoine, while the other two 
solutes did not show any stabilizing effect (data not shown).

It has been proposed that the stability of a protein is improved in the presence of some compatible 
solutes. We report on the ability of the solutes ectoine and betaine to protect trypsinogen against 
processing, supporting this proposition. It is hypothesised that the presence of the solute impairs the 
proteolysis by enhancing a more compact and protease-resistant conformation of trypsinogen. In 
addition, the trypsin activity was maintained by ectoine after 4 hours of incubation probably via 
preventing self-digestion.

We have studied the influence of the compatible solutes ectoine, hydroxyectoine (both provided by 
Bitop AG, Witten, Germany) and betaine on enteropeptidase activity and considered enteropeptidase 
as a model enzyme for the group of TTSPs. In a coupled assay [6], enteropeptidase-catalyzed 
conversion of trypsinogen to trypsin was determined in the presence and absence of the solutes by 
following the cleavage of the chromogenic substrate Suc-Ala-Ala-Pro-Arg-p-nitroanilide by activated 
trypsin. In addition, the activity of the two enzymes concerned, enteropeptidase and trypsin, was 
measured directly using the low-molecular weight substrate Gly-(Asp)4-Lys-β-naphthylamide [7] and 
the aforementioned nitroanilide substrate, respectively. Moreover, the stability of trypsin in the 
presence of 800 mM solutes was investigated.

Investigations

enteropeptidase
↓

I trypsinogen → trypsin
↓

II Suc-Ala-Ala-Pro-Arg-p-nitroanilide → Suc-Ala-Ala-Pro-Arg-OH  + p-nitroaniline

enteropeptidase
↓

III Gly-(Asp)4-Lys-β-naphthylamide → Gly-(Asp)4-Lys-OH + β-naphthylamine
IV ↓

azo compound
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ectoine hydroxyectoine betaine

Closed circles: control
Open circles: 100 mM solute
Open triangles: 400 mM solute
Open squares: 800 mM solute
Mean values ± SD are shown for 
triplicate experiments

Assay: 25 °C, 405 nm
200 µM Suc-Ala-Ala-Pro-Arg-pNA
20 mM Tris-HCl, 150 mM NaCl,  pH 8.4
6 % DMSO
950 µl + 50 µl from incubation

Incubation: 25 °C
12.5 µg/ml trypsinogen
0.1375 µg/ml enteropeptidase
800, 400, 100 mM solute or H2O (control)
20 mM sodium citrate, pH 5.6
6 % DMSO

Fig. 2: Impact of the compatible solutes ectoine (A) hydroxyectoine (B) and betaine (C) 
on trypsinogen activation
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Slopes, obtained from the data shown in Fig. 2A, were 
plotted versus ectoine concentrations. The solid line was 
drawn using the best-fit parameters to the equation of 
single exponential decay.

Fig. 3: Concentration-dependent effect 
of ectoine on trypsinogen activation
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Mean values ± SD are shown for 
triplicate experiments

Incubation: 25 °C
250 ng/ml trypsin
800 mM ectoine or H2O (control)
20 mM Tris-HCl, 150 mM NaCl, pH 8.4
6 % DMSO
0, 40, 80, 120, 160, 200 and 
240  min of incubation

Closed circles: control
Open squares: 800 mM ectoine

Assay: 25 °C, 405 nm
200 µM Suc-Ala-Ala-Pro-Arg-pNA
20 mM Tris-HCl, 150 mM NaCl, pH 8.4 
6 % DMSO
950 µl + 50 µl from incubation

Fig. 4: Stability of trypsin in the presence of 800 mM ectoine
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Fig. 1: TTSPs – Target enzymes for the development of inhibitors
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