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Abstract
The Escherichia coli protease inhibitor ecotin is believed to be implicated in the evasion of host defenses during 
infection. The protein has also attracted attention as a scaffold for the design of novel, specific protease inhibi-
tors. Ecotin interacts with its targets through two sites. Key hydrophobic residues in both sites (Leu-64, Trp-67, 
Tyr-69, Met-84, and Met-85) were mutated to alanine and the effects on the inhibition of trypsin, chymotrypsin, 
and elastase were assessed. Each of these mutant ecotin proteins tested in kinetic assays with these enzymes 
exerted less inhibitory potency compared to wild-type ecotin. However, these effects were relatively small and 
not additive.

Keywords:  Protease inhibitor; trypsin; chymotrypsin; elastase; free energy of interaction; alanine substitution

Abbreviations:  IC50 , concentration of inhibitor required to produce half-maximal inhibition; Ki , inhibition constant; 
Pkal, plasma kallikrein; uPA, urokinase-type plasminogen activator; V0, rate at zero inhibitor concentration;V∞ , rate at 
infinite inhibitor concentration
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Introduction

Proteases are involved in a range of cellular processes. Given 
that many of the cell’s key molecules are proteins, the poten-
tially destructive power of proteases must be regulated. In 
part this is achieved through proteinaceous protease inhibi-
tors, many of which have high affinity and specificity for their 
targets1. One such inhibitor is the Escherichia coli protein 
ecotin (E. coli trypsin inhibitor)2. Unusually it has a wide spe-
cificity, being able to inhibit a range of serine proteases with 
high affinity2,3. It is a periplasmic protein, and is believed to 
be secreted by invading bacteria during infection in order to 
inhibit host proteases of the innate immune response such 
as neutrophil elastase4.

Ecotin exists in solution as a non-covalent homodimer in 
which two elongated, 18 kDa monomers associate in a head 
to tail fashion, mediated by hydrogen bond interactions 
between residues 125 and 142 in the C-terminal protruding 
tails of the monomers (Figure 1)5,6. This gives the dimer two 
essentially identical ends, both of which can interact with 
proteases. The physiologically relevant complex is believed 
to consist of two ecotin monomers and two serine protease 

molecules5. These interactions involve residues from both 
monomers of the dimer5. Consequently, each monomer has 
residues (referred to as site 1 and site 2 respectively) which 
contribute to binding and inhibition of both protease mol-
ecules. Of these, site 1 is inserted into the active site of the 
serine protease. The main contribution of site 2 is to anchor 
the inhibitor to the protease and thus contribute additional 
free energy of interaction5.

The broad specificity of ecotin has attracted attention in 
the development of protease inhibitors with modified spe-
cificities. Some success has been achieved. For example, the 
quadruple mutant, M84R/D70R/N110R/K112Q, resulted in 
a 24,000-fold higher affinity (compared to wild-type ecotin) 
for the urokinase-type plasminogen activator (uPA) pro-
tease7. A mutant incorporating eight mutations in three 
of its binding loops resulted in a six-fold decrease in K

i
 for 

plasma kallikrein (Pkal)3. However, less work has been done 
to understand the contribution that individual amino acids 
make to specificity and affinity. Here we report the conse-
quences of substituting key hydrophobic residues in both 
site 1 and site 2 with alanine.
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Materials and methods

Expression and purification of wild-type and mutant 
ecotin
DNA encoding ecotin was amplified by polymerase chain 
reaction (PCR) from E. coli XL1Blue genomic DNA using 
primers which incorporated NcoI and XhoI restriction sites 
in the forward and reverse primers respectively. The PCR 
product was purified, cut with these restriction enzymes, 
and ligated into pET21d (Merck Biosciences, Nottingham, 
UK), which had been previously cut with the same enzymes. 
Recombinant plasmids were identified by restriction diges-
tion and by DNA sequencing (Fusion Antibodies, Dunmurry, 
Northern Ireland). Site-directed mutagenesis was carried 
out using the QuikChange protocol8, and these mutations 
were verified by DNA sequencing.

An E. coli strain, JW2197-1, which is deleted for ecotin, 
was obtained from the Keio collection9, supplied by the E. 
coli Genetic Resource Center, Yale University, Connecticut. 
This strain was modified with the DE3 lysogen to enable 
expression of proteins under the control of the T7 promoter, 
using a kit purchased from Merck and following the manu-
facturer’s instructions. Expression plasmids for the wild-
type and mutant ecotins were transformed into competent 
JW2197-1(DE3) cells and plated onto Luria–Bertani (LB) 
plates supplemented with 100 g/mL ampicillin and 30 µg/
mL kanamycin. Single colonies were picked, grown overnight 
in 5 mL of LB (supplemented with 100 g/mL ampicillin and 
30 µg/mL kanamycin) at 37°C, then transferred into 1 L of 
LB (supplemented with 100 g/mL ampicillin and 30 µg/
mL kanamycin). This culture was grown until A

600
 (optical 

density) reached between 0.6 and 1.0 (typically 5 h), induced 
with 1 mM IPTG (isopropyl--d-thiogalactopyranoside), and 
grown for a further 3 h. The cultures were harvested by cen-
trifugation (10 min at 4200g) and the periplasmic fraction was 
isolated using a method based on that previously described 
for the purification of -synuclein10. The cell pellets were 
resuspended in a total volume of 50 mL osmotic shock buffer 
(30 mM Tris-HCl, 2 mM EDTA (ethylenediaminetetraacetic 
acid), 40% (w/v) sucrose, pH 7.2) and incubated at room 
temperature for 10 min. This suspension was centrifuged at 
27,000g for 15 min at 4°C and the supernatant was discarded. 
The pellet was resuspended in 9 mL of cold sterile water and 
3.8 µL of saturated magnesium chloride added. This suspen-
sion was kept on ice for 5 min and centrifuged at 27,000g and 
4°C for 15 min. The periplasmic proteins were collected in 
the supernatant and stored frozen at −80°C. Further purifi-
cation was achieved by column chromatography. The peri-
plasmic fraction (5 mL) was applied to a ResourceQ column 
(Pharmacia) (total volume 6 mL, flow rate 6 mL/min), which 
had been previously equilibrated in buffer A (20 mM HEPES 
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)-OH, 
pH 7.5, 10% (v/v) glycerol). The column was then washed 
with three column volumes of buffer A, and a linear gradi-
ent from 0 to 2 mM NaCl in buffer A was applied over five 
column volumes. Fractions containing purified ecotin were 
identified by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE).

Protease inhibition assays
Wild-type ecotin and the mutants were assayed for their abil-
ity to inhibit elastase (prepared as described previously11), 
trypsin (Sigma), and chymotrypsin (Sigma) using the chro-
mogenic substrates MeOSuc-Ala-Ala-Pro-Val-pNA, Bz-Phe-
Val-Arg-pNa, and Suc-Ala-Ala-Pro-Phe-pNA (Bachem) 
respectively. In each case, the Michaelis constant (K

m
) for 

the substrate was determined under the conditions of the 
experiment, i.e. at 22°C in assay buffer (50 mM HEPES-OH, 
pH 7.8; 150 mM NaCl; 10% (v/v) glycerol). These K

m
 values 

were: elastase, 75 µM; trypsin, 45 µM; and chymotrypsin, 
45 µM. Inhibition assays were carried out in triplicate at 
22°C over a 5 min period using the substrate concentrations 
equal to the experimentally determined K

m
 and enzyme 

concentrations of 50 nM in a total reaction volume of 250 L. 
Assay buffer volumes were added to the reaction mixes first, 
followed by substrate, and then inhibitor. Enzyme was the 
final reactant added and started the reaction. Then, steady 
state rates were determined in triplicate over a wide range 
of ecotin (or mutant) concentrations (between a maximum 
of 15 µM and a minimum of 3 pM). These data were fitted to 
the equation v = V

∞
 + (V

0
 – V

∞
)/(1 + 10(log[Ecotin] − logIC50)) using 

non-linear curve-fitting12 as implemented by the program 
GraphPad Prism (GraphPad software), where v is the meas-
ured rate, V

∞
 is the rate at infinite inhibitor concentration, 

V
0
 is the rate at zero inhibitor concentration, and IC

50
 is the 

concentration of inhibitor required to produce half-maximal 
inhibition. In all cases the fitted value for V

∞
 was close to zero, 

indicating that there was little background hydrolysis of the 
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Figure 1.  The structure of ecotin (PDB ID: 1ECZ17). In (a) a ribbon dia-
gram of the antiparallel homodimer is shown with protease interaction 
sites 1 and 2 indicated. In (b) a single monomer is shown with the resi-
dues mutated in this paper illustrated in space-filling format. The dia-
gram was made using PyMol (www.pymol.com).

www.pymol.com
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peptide. Results were plotted as the logarithm to the base 10 
of the IC

50
 for each mutant compared to the wild-type.

Results and discussion

Expression and purification of recombinant ecotin
Recombinant wild-type ecotin, and its mutants, were puri-
fied by extracting the periplasmic fractions and then sub-
jecting them to further purification by ion exchange chro-
matography. The method used here is different to previously 
published ones2,13,14 in that the protein fails to interact with 
the column, whereas the majority of the impurities bind. 
Thus the material flowing through the column was puri-
fied ecotin (as judged by SDS-PAGE, Figure 2a) in low ionic 

strength buffer. Consequently it could be used in subsequent 
experiments without further purification, buffer exchange, 
or dialysis. During the process of making the site-directed 
mutations, an additional mutant was produced (presumably 
as a consequence of an error in PCR). This mutant (M84A/
M85A/W67C) was included in all subsequent experiments. 
The recombinant ecotin was active as a serine protease 
inhibitor (Figure 2b) and is approximately 100 times less 
effective against chymotrypsin compared to trypsin and 
elastase.

Effects of mutations on the ability of ecotin to inhibit 
serine proteases
All the mutations affected the ability of ecotin to inhibit the 
three serine proteases (Table 1; Figure 3). In general, the 
magnitudes of the effects were similar for the various alanine 
mutations. Furthermore, these effects were not additive. For 
example, while both the single mutations M84A and M85A 
resulted in reduced inhibition, the double mutant M84A/
M85A gave similar results to both the single mutants with all 
three proteases. A similar pattern was seen with the muta-
tions in site 2. As noted previously15, deletion of two side 
chains does not, necessarily, result in an additive effect on 
the free energy of interaction. Although it has been shown 
previously that more radical changes at Met-84 and Met-85 
(e.g. M84R) can result in alterations in ecotin’s specificity3,15, 
the changes reported here do not alter the specificity of the 
inhibitor for the proteases tested.

The greatest effects were seen with the mutant produced 
serendipitously (M84A/M85A/W67C). This mutation resulted 
in substantial changes in IC

50
—particularly with trypsin and 

chymotrypsin. It might be thought that the effects of this tri-
ple mutation result from the dramatic change (tryptophan 
to cysteine) causing gross structural changes to the overall 
fold of the protein. However, given that this mutation has 
markedly less effect on ecotin’s ability to inhibit elastase 
(compared to trypsin and chymotrypsin), this is unlikely to 
be the case. Furthermore, since it has been previously shown 
that alterations to the secondary site have very little effect on 
the conformation of the primary site16, it seems likely that the 
large changes observed with this mutation are largely due to 
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Figure 2.  (a) The expression and purification of recombinant ecotin. The 
recombinant protein is indicated by an arrow and runs close to the 18 kDa 
marker, as expected. (i) Extraction of a periplasmic extract. Uninduced 
and induced refer to cell extracts immediately before and 3 h after induc-
tion of the cells with IPTG. Osmotic shock refers to a sample of the bac-
terial suspension following treatment with osmotic shock buffer, and 
the last lane is the periplasmic extract. (ii) Purification by ion-exchange 
chromatography. The periplasmic extract was loaded onto a ResourceQ 
column (see “Materials and methods”). Ecotin washed through the col-
umn under the conditions of the experiment whereas most of the impu-
rities remained bound. Periplasm refers to a sample of the periplasmic 
proteins prior to application to the ion-exchange column. Flow through 
refers to samples of fractions from the column. The fractions marked with 
asterisks were used without further purification. (b) Recombinant eco-
tin inhibits trypsin ( and solid line), elastase (▲ and dotted line), and 
chymotrypsin (▼ and dashed line). To enable the data to be shown on a 
single graph, the rates were normalized such that the rate in the absence 
of ecotin was equal to 1.0. Each point represents the mean of three sepa-
rate determinations, the error bars the standard error of these means, 
and the lines the non-linear curve fit obtained as described in “Materials 
and methods.”

Table 1.  Experimentally determined IC
50

 values (nM) for wild-type and 
mutant ecotin with trypsin, chymotrypsin, and elastase.

 Trypsin Chymotrypsin Elastase

Wild-type 6.2 ± 1.1 160 ± 90 2.8 ± 0.2

M84A 22.0 ± 1.7 670 ± 200 13.4 ± 1.2

M85A 27.0 ± 1.3 400 ± 80 27.3 ± 6.6

M84A/M85A 48.8 ± 6.4 300 ± 110 27.3 ± 2.9

L64A 23.4 ± 4.9 220 ± 90 30.2 ± 4.9

W67A 25.8 ± 3.3 440 ± 70 50.4 ± 10.4

Y69A 19.7 ± 0.5 340 ± 30 18.7 ± 5.8

L64A/W67A 34.8 ± 8.6 380 ± 280 54.1 ± 38.0

L64A/W67A/Y69A 23.1 ± 9.7 330 ± 30 43.7 ± 15.1

W67C/M84A/M85A 29,800 ± 9900 (3.1 ± 1.2) × 107 290 ± 40

Note. The experimental conditions are detailed in “Materials and methods.” 
Each value represents the mean of three separate determinations and the 
error is estimated as one standard deviation of this mean.
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the alteration in the secondary site. In the absence of a crystal 
structure of ecotin bound to elastase, it is difficult to make 
detailed predictions about why this change in the inhibitor 
is better tolerated by this enzyme. Indeed, modeling suggests 
that ecotin’s secondary site interactions with trypsin and 
elastase will be similar5. Nevertheless, this mutation high-
lights the importance of the secondary site in contributing 
toward the stability of the complex with all three proteases.

Conclusions

Overall, the results demonstrate that ecotin is robust in its 
ability to tolerate the substitution of individual side chains 
in its two interaction sites. Each of the hydrophobic residues 
studied here contributes to the interaction, but removal of 
any one of them does not result in loss of binding. Taken 
together, the results reported here reinforce the idea that 
ecotin is an ideal scaffold for building protease inhibitors 
with novel specificities.
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Figure 3.  The effects of alanine mutations on the interaction between 
ecotin and (a) trypsin, (b) chymotrypsin, and (c) elastase. In each case, 
the negative logarithm of the IC

50
 is plotted as a bar which represents 

the mean of three separate determinations; the error bars represent the 
standard deviations of these means.




