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Introduction

Regulation of enzyme activity is very important for bio-
chemical research and for various applications in medi-
cine, physiology, pharmacology, toxicology, agriculture, 
and industry. Inhibitors bound in the active site of an 
enzyme (especially analogs of the transition state of the 
catalyzed reaction) can serve as extremely useful probes 
to reveal the mechanism of enzyme catalysis1.

In most general definition, irreversible inhibitor of 
an enzyme is a substance with effects that cannot be 
reversed by removing the inhibitor by dialysis or dilu-
tion2. Nevertheless, irreversible inhibitors are, in most 
cases, directed to the active site of the enzyme because 
of their structural similarities to substrates, and show 
competitive kinetic behavior2. The binding of an inhibi-
tor to an enzyme can proceed through one or two steps, 
and can be even more complicated by the presence 
of substrate in an inhibition mixture3 (Scheme 1). It is 

usually implied that the covalent bond formed in these 
particular cases is stable indefinitely; however, enzyme 
activity can be regained due to chemical degradation of 
the bound inhibitor or some other reasons. This process 
can be referred to as “reactivation” rather than “inhibi-
tion reversal”4.

Preparation or selection of an efficient inhibitor for a 
particular enzyme implies knowledge about mechanism 
of enzyme–substrate interactions. In the study of new 
enzymes, their catalytic mechanisms are, in most cases, 
unknown. Therefore, described and tested inhibitors of a 
certain enzyme class are often used to probe the activity 
of a new enzyme. 3,4-dichloroisocoumarin (DCI) was 
discovered in 1985 as a general mechanism-based serine-
protease inhibitor5 but it turned out that it inhibits other 
serine hydrolases as well. The proposed mechanism of 
its action involves opening of the isocoumarin ring by a 
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serine protease, followed by enzyme acylation. Formed 
acid chloride reactive group can either react with an 
active-site nucleophile (e.g. histidine) to form a stable 
diacylated structure (alkylated acyl-enzyme derivative, 
doubly covalent enzyme–inhibitor complex6) or can be 
hydrolyzed by water (Scheme 2).

DCI is readily available, stable in dimethyl sulfoxide 
(DMSO) and fairly stable in aqueous media. It is specific 
toward serine proteases and analogous enzymes. Its 
reactivity is more pronounced than that of phenylmeth-
ylsulfonyl fluoride (PMSF), and DCI is less toxic than 
di-isopropylfluoridate. It could be applied in prevention 
of undesirable proteolysis due to serine proteases and 
elucidation of the physiological role of serine prote-
ases5,7. Even more, it has been found to induce apopto-
sis8, to inhibit enzymes responsible for tumor growth9,10, 
to participate in prevention of transcriptional factors 
activation11, to block priming of monocytes12, to prevent 

infection of cells with Toxoplasma gondii parasite13, to 
inhibit growth of Mycobacterium tuberculosis14, and to 
inhibit coagulant proteases from snake venom15.

Lipase inhibition is of great significance in under-
standing catalytic mechanisms of these enzymes, and 
in treatment of obesity and several lipase-associated 
diseases16–20. Various compounds of natural and syn-
thetic origin are constantly tested with respect to lipase 
inhibition21–28.

Extracellular lipase from Streptomyces rimosus 
(SrLip), a member of GDSL-family of lipolytic enzymes, 
also classified as SGNH-hydrolase, has been in the focus 
of our research. This small enzyme (24 kDa) exhibits 
pronounced stability at high temperatures and pH 
values and also in various organic solvents29,30. Recently, 
its substrate promiscuity, i.e. multifunctionality was 
demonstrated31. These properties make SrLip very 
attractive to study the mechanism of ester hydrolysis 
catalyzed by lipases. To this purpose, we performed 
inhibition experiments with several serine-blocking 
agents. Out of compounds investigated, PMSF had 
low effect on SrLip activity, only when added during 
substrate hydrolysis29. Tetrahydrolipstatin (THL) 
inhibits SrLip significantly in excess of organic solvent 
(50% 2-propanol) only. It binds covalently to the 
catalytic residue Ser-10 of the enzyme, exclusively. 
Mass spectrometric and capillary gel electrophoresis-
on-a-chip experiments revealed that approximately 
50% of SrLip molecules are covalently bound to THL32. 
The partial binding of the inhibitor can be understood 
as a partially reactivation process of the enzyme as also 
observed in the inhibition study of human pancreatic 
lipase with THL33. The inhibition of SrLip with DCI, on 
the other hand, was fast and complete, and was used to 
identify the active-site Ser-1034. However, the inhibition 
effect was reversed after prolonged time of incubation 
of enzyme with inhibitor. To get close insight into the 
inhibition mechanism of SrLip, we decided to further 
inspect the DCI inhibition of SrLip. Here we describe 
the kinetic characterization of inhibition of S. rimosus 
extracellular lipase by means of DCI.

Materials and methods

Materials
Lipase substrates, p-nitrophenyl caprylate (pNPC) and 
p-nitrophenyl palmitate (pNPP), and inhibitor, DCI, 
were obtained from Sigma (St. Louis, MO). Buffer chemi-
cals were purchased from Kemika (Zagreb, Croatia). 
Chromatographic media used for lipase purification 
were supplied by GE Healthcare (Piscataway, NJ) and 
ZipTip-C4 pipette tips by Millipore (Billerica, MA). All 
organic solvents were analytical grade (Sigma) and water 
used was of analytical grade quality too. All kit chemi-
cals used for capillary gel electrophoresis-on-a-chip 
experiments were obtained from Agilent Technologies 
(Waldbronn, Germany). The vacuum matrix-assisted 
laser desorption/ionization (MALDI) matrix compound 

Scheme 1.   Reaction schemes for irreversible inhibition (according 
to Ref. 3).

Scheme 2.   Proposed mechanism of inhibition of serine hydrolases 
by 3,4-dichloroisocoumarin. Adapted from Ref. 5.



1096  I. L. Ašler et al.

 � Journal of Enzyme Inhibition and Medicinal Chemistry

2,6-dihydroxyacetophenone (2,6-DHAP) was obtained 
from Fluka (Buchs, Switzerland) and used without fur-
ther purification. Trifluoroacetic acid (TFA; Sequenal™ 
quality) was purchased from Pierce (Rockford, IL).

Enzyme purification
Overexpressed lipase was purified from culture filtrate 
of S. rimosus strain R6-ZGL3(pDJ7) that contains a 
high-copy-number plasmid harboring S. rimosus lipase 
gene35, as already described36. The purity of prepared 
enzyme solution was confirmed by capillary gel elec-
trophoresis using lab-on-a-chip technology (Agilent 
Technologies).

Protein determination
Protein concentration was routinely assayed according to 
Bradford37. In active-site titration experiments, protein con-
centration was also determined by measuring absorbance 
at 280 nm, on a NanoDrop1000 instrument (ThermoFisher 
Scientific, Waltham, MA), using molar extinction coeffi-
cient Ɛ = 26,275 M−1 cm−1 calculated by ProtParam tool on 
ExPasy server (www.expasy.ch) for mature lipase assuming 
all cysteines form disulfide bridges.

Lipase activity assay
Lipase activity was determined according to Abramić  
et al.29. In short, 1 mM emulsion of pNPP (or pNPC) was 
prepared by vigorously mixing a 40mM stock solution 
of substrate in dioxane with 50 mM sodium phosphate 
buffer solution pH = 8 (buffer 1), so that final amount 
of dioxane was 2.4%, followed by a 2 min sonication. 
The reaction was started by addition of small amount 
of enzyme or enzyme–inhibitor solution to 1 mL of sub-
strate emulsion and was followed by increase in absor-
bance at 410 nm. All experiments were performed at 
room temperature, on Camspec M-501 spectrophotom-
eter (Spectronic Camspec, Garforth/Leeds, UK).

Enzyme inhibition – incubation method
An inhibition was initiated by adding 1.5 µL of inhibitor 
solution in DMSO to 148.5 µL of buffered enzyme solu-
tion and the final concentrations were 0.14 µM lipase, 
1.1–100 µM DCI, 1% DMSO, 10 mM sodium phosphate 
buffer with 0.2 M NaCl, and 10 mM ethylenediaminetet-
raacetic acid (EDTA) pH = 6.8 (buffer 2). Aliquots were 
removed at different times and residual activity was mea-
sured toward pNPP. In parallel, a control experiment with 
all compounds except inhibitor was performed to assess 
lipase stability in DMSO.

Second-order inhibition rate constants (k
obs

/[I]) were 
obtained for each inhibitor concentration by plotting 
ln([E]

t
/[E]

o
) vs. time and dividing the slope (k

obs
) by the 

inhibitor concentration. The t
1/2

 values were calculated 
from k

obs
 according to the equation: t

1/2
 = −ln(1/2)/k

obs
, 

for inhibitor concentrations up to 13.8 µM. Dissociation 
constant of the noncovalent E•I complex, K i

* , and first-
order rate constant for inhibition, k

2
, were calculated 

from following equation: k k Kobs iI I= ×[ ] +[ ]( )2 o o
*

, 

according to Powers and Kam6. Data were fitted to this 
equation by program GraphPad Prism 4.0 (GraphPad 
Software, La Jolla, CA).

Determination of inhibition rate in the presence of 
substrate – progress curve method
The inhibition rate constant was also determined in the 
presence of substrate (pNPP) as described by Tian and 
Tsou38. One microliter of enzyme solution was added to 
a substrate emulsion (prepared as described above, in 
buffer 1), which contained inhibitor and 5 % DMSO (final 
lipase concentration in the reaction mixture: 0.4 nM). 
The increase in absorbance was monitored at 410 nm 
until no further release of p-nitrophenol was observed. 
Control experiments containing all compounds exclud-
ing inhibitor or lipase were performed to assess lipase 
activity in the presence of DMSO or spontaneous inhibi-
tor hydrolysis, respectively.

In this series of experiments, the substrate concentra-
tion was fixed at 1 mM (2.4% dioxane) and DCI concen-
tration varied from 0.015 to 20 µM. In program GraphPad 
Prism 4.0, k

obs
 was determined from the equation: 

log([P]
∞

 − [P]
t
) = log[P]

t
 – 0.43 × k

obs
 × t, where [P]

∞
 and 

[P]
t
 are the concentrations of a product (p-nitrophenol) 

formed at infinite time (total inactivation) and at time t, 
respectively. When k

obs
 was plotted against [I]

o
, K i

*  and 
k

2
 were calculated as in the case of incubation method.

Lipase active-site titration
In the active-site titration experiments, the lipase was 
incubated with the inhibitor in buffer 2 for 15 min at 
room temperature and the residual activity was mea-
sured by pNPP assay. An enzyme concentration in 
an incubation mixture was 3.0 µM, as determined on 
NanoDrop1000 instrument. The inhibitor concentration 
ranged from 0.5 to 10 µM. One aliquot of each incuba-
tion mixture was also prepared for mass spectrometric 
analysis, using ZipTip-C4 technology (10 µL of sample 
eluted into 10 µL of acetonitrile/1% aqueous formic 
acid 1:1 (v/v)).

Percentage of lipase activity after 15-min incubation 
with inhibitor was plotted against inhibitor concentra-
tion. The active enzyme concentration was calculated 
from this plot, as intercept on X-axis39.

Reactivation kinetics
Lipolytic activity (measured toward pNPC) was fol-
lowed for longer times of incubation at room tempera-
ture without removal of any residual inhibitor, under 
conditions described under Enzyme inhibition – incu-
bation method. In addition, aliquots of incubation mix-
tures were taken and prepared for mass spectrometric 
measurements, using ZipTip-C4 technology (10 µL of 
sample eluted into 10 µL of acetonitrile/1% aqueous 
formic acid 1:1 (v/v)).

The reactivation half-time was calculated from plots 
of the percent of active enzyme vs. time by curve fitting 
performed in GraphPad Prism 4.0 program.
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Determination of spontaneous hydrolysis rates  
of the inhibitor
An aliquot of DCI (final concentration 50–200 µM) in 
DMSO was added to the buffer solution (buffer 1 or buf-
fer 2), so that the final DMSO concentration was 5 or 1%, 
respectively. Spontaneous hydrolysis was monitored by 
following the decrease in absorbance at 325 nm.

Since the decrease in absorbance at 325 nm was linear 
with time, zero-order hydrolysis rate constants and half-
lives were calculated from line slopes.

MALDI mass spectrometry
All sample preparations were performed on stainless-
steel target slides using the dried-droplet technique. One 
microliter of the sample solution and 1.0 µL of a saturated 
solution of 2,6-DHAP in acetonitrile/0.1% TFA 1:3 (v/v) 
were mixed on the target in the given order and dried at 
room temperature in a gentle stream of air.

The MALDI measurements were performed with a 
curved field reflectron time-of-flight mass spectrom-
eter (AXIMA CFR+, Shimadzu Biotech–Kratos Analytical, 
Manchester, UK) equipped with a pulsed nitrogen laser. 
The instrument was operated in the positive ion linear 
mode applying an accelerating voltage of 20 kV. Delayed 
extraction was used and the delay time was set according 
to the molecular weight of the analyte in order to opti-
mize resolution. Typically, mass spectra were acquired by 
averaging 441 single laser shots. External calibration was 
performed for molecular mass assignment of the intact 
protein and the lipase–inhibitor complex using myoglo-
bin from equine skeletal muscle and carbonic anhydrase 
II from human erythrocytes (both from Sigma–Aldrich, 
St. Louis, MO). All mass spectra were smoothed using the 
company-supplied Savitzky–Golay algorithm.

Electro-spray ionization mass spectrometry
For molecular weight determination of the SrLip and 
the SrLip–DCI complex, nano-LC separation was per-
formed on an Ultimate 3000 Titanium LC system using 
an Acclaim PepMap nano column (75 µm I.D. × 150 mm 
length, particle diameter 3 µm) (LC Packings/Dionex, 
Amsterdam, NL). The column temperature was kept at 
20°C and the flow rate at 300 nL/min. Nano-LC condi-
tions: solvent A, 0.1% formic acid; solvent B, 0.1% formic 
acid/acetonitrile (95/5, v/v); gradient: 0–5 min 5% B, 
5–20 min increasing B to 95%, 20–30 min 95% B constant, 
30–32 min decreasing B to 5%, 32–40 min 5% B constant; 
injection volume, 1 µL.

The nano-LC system was coupled on-line to an HCTplus 
3D-ion trap mass spectrometer (Bruker Daltonics, 
Bremen, Germany) under the following experimental 
nano electro-spray ionization (nanoESI) conditions: 
spray voltage, 4.0 kV; gas flow, temperature and ion trans-
mission was optimized for the mass range m/z 395–1500; 
accumulation time 115 ms. Standard deviations for the 
determined molecular weights of the intact proteins 
were derived from the calculated molecular weights after 
charge state deconvolution from multiple samples.

During active-site titration experiments, for more 
accurate molecular mass information, ESI-MS mea-
surements were performed on a high-resolution Synapt 
HDMS MS system (Waters, Manchester, UK) without 
prior separation under the following conditions: spray 
voltage: 3.8 kV, gas flow, temperature, and ion transmis-
sion was optimized for the mass range m/z 400–2500. 
Molecular masses of the inhibited (SrLip–DCI complex) 
and noninhibited lipase were derived after charge state 
deconvolution. Standard deviation for the molecular 
weight after deconvolution was calculated from 10 sam-
ple analyses.

Results and discussion

In our previous study of active site of SrLip, we have 
shown that the inhibition of this enzyme with high molar 
excess (600-fold) of DCI is fast, complete, and stable 
enough for mass spectrometric measurements34. Low-
energy CID peptide sequencing using a MALDI-QIT-
RTOF instrument unambiguously identified covalent 
bond formation between DCI and SrLip active-site serine 
(Ser-10). However, we have observed that after prolonged 
time of incubation, inhibited lipase regained its activity. 
These results prompted us to further investigate reaction 
between SrLip (highly purified sample) and DCI, i.e. to 
determine inhibition and reactivation constants, and to 
determine active SrLip concentration using the active-
site titration with DCI.

Inhibited lipase reactivation
In the above-mentioned preliminary experiments (pre-
vious paragraph), we observed that the reactivation is 
slower at higher DCI concentration in the incubation 
mixture and lower temperature of incubation. Thus, at 
pH 6.8 and room temperature, reactivation starts after 
25 h and 75 h of incubation of SrLip with 30-fold and 
60-fold molar excess of DCI, respectively. Study of SrLip 
inhibited with 30-fold molar excess of DCI at pH 6.8 
revealed that reactivation at +4°C starts after 240 h and at 
room temperature after 25 h.

To determine the reactivation half-time and to see 
whether this reactivation process could be followed 
by mass spectrometry (MS), the experiment was set up 
as described in Materials and methods, Reactivation 
kinetics. Percentage of active SrLip was calculated as 
percentage of starting pNPC activity. It was also esti-
mated as the ratio of the peak intensity of unmodified 
SrLip to the sum of peak intensities of both unmodified 
and DCI-modified SrLip (%

active
 = I

unmod
/(I

unmod
 + I

mod
)), 

with the assumptions that MALDI signal intensities for 
enzyme and complex are comparable and that correla-
tion between signal intensity and enzyme concentration 
is linear. Half-times of reactivation were calculated from 
plots of percentage of active SrLip vs. time of the incuba-
tion (Figure 1). Values obtained from the activity mea-
surements and MALDI as well as ESI mass spectra are in 
good agreement (11.3 ± 0.2 h, 13.5 ± 0.4 h, and 12.1 ± 0.5 h, 
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respectively), indicating that MS is indeed suitable for 
following time-course of inhibited enzyme reactivation. 
It should be pointed out that reactivation half-times 
could be well compared. However, percentage of active 
SrLip calculated from mass spectrometric data was con-
sistently higher than the one calculated from regained 

pNPC activity. A possible explanation could be instability 
of the inhibitor in sample preparation conditions for MS. 
MALDI mass spectra taken at different times of incuba-
tion are shown in Figure 2.

As in our previous work34, doubly protonated mol-
ecules of SrLip and SrLip–DCI complex in MALDI mass 
spectra were more abundant and exhibited significantly 
higher mass spectrometric resolution (R

FWHM
) compared 

with singly protonated molecules. This is due to matrix 
2,6-DHAP favouring multiply charged ions. Therefore, 
the [M+2H]2+ peaks were used for mass determination 
and calculation of percentage of active SrLip instead of 
typically used [M+H]+ peaks. However, since mass spec-
tra were calibrated externally, masses of inhibited and 
noninhibited lipase show slight deviations from theoreti-
cal values (noninhibited lipase, measured: 24,170 ± 8 Da, 
theoretical: 24,166 Da; inhibited lipase, measured: 
24,359 ± 10 Da; theoretical: 24,362 Da). For better molec-
ular weight determination, ESI-MS ion trap mass spectra 
were recorded. Relative ion intensities of analyte ions 
carrying 23 charges were taken into calculations–m/z 
1051.6 for the unmodified and m/z 1060.2 for the modi-
fied lipase. After charge state deconvolution, a molecular 
weight of 24,166 ± 2 Da was determined for the unmodi-
fied SrLip (which fits perfectly to the calculated value) 
and 24,364 ± 3 Da for DCI-modified SrLip (which shows 
a deviation of 2 Da).

Although DCI was introduced as general mechanism-
based irreversible serine-protease inhibitor, the authors 
immediately noticed that the enzyme–inhibitor complex 
is unstable5. The authors reported half-times for reactiva-
tion of several serine proteases inactivated by DCI (molar 
excess at least 20-fold) to be from 25 to over 100 h. They 
reported half-lives for the spontaneous hydrolysis of DCI 
in HEPES and phosphate buffer, and we have determined 
half-lives in phosphate buffer in conditions used in this 
study for incubation method and progress curve method 
of SrLip inactivation by DCI (Table 1), to confirm the 
stability of the inhibitor during the time needed for inhi-
bition to occur. One should be aware that during sponta-
neous hydrolysis of DCI, its isocoumarin ring opens. On 
the other hand, in the process of inhibited enzyme reac-
tivation, hydrolysis of (already opened) isocoumarin in 
the enzyme active site is mediated by labile acyl moieties 
(Scheme 2)5. Thus, different chemical processes (conse-
quently in different time-windows) take place.

The reversibility of enzyme inhibition by DCI can be 
advantageous if DCI is used as a reversible active-site 

Figure 1.  Time-course of SrLip–DCI complex reactivation after 
incubation of 4.55 µM Streptomyces rimosus lipase with the 10-fold 
molar excess of DCI, followed by activity assay and mass spectrometric 
(MALDI-MS and ESI-MS) measurements. Curve fitting performed 
in GraphPad Prism 4.0. DCI, 3,4-dichloroisocoumarin; ESI, 
electro-spray ionization; MALDI, matrix-assisted laser desorption/
ionization; MS, mass spectrometry; SrLip, Streptomyces rimosus 
lipase; TOF, time-of-flight.

Figure 2.  Time-course of SrLip–DCI complex reactivation after 
incubation of 4.55 µM Streptomyces rimosus lipase with the 10-fold 
molar excess of DCI, followed by MALDI-TOF-MS. Incubation 
times are indicated on the right. Only region encompassing 
doubly protonated ions is shown. DCI, 3,4-dichloroisocoumarin; 
MALDI, matrix-assisted laser desorption/ionization; MS, mass 
spectrometry; SrLip, Streptomyces rimosus lipase.

Table 1.  Half-lives and zero-order constants for the spontaneous hydrolysis of DCI in different buffer systems.

Buffer k (min−1) t
1/2

 (min) ε
325

 (M−1 cm−1)

0.1 M HEPES with 0.5 M NaCl and 10% DMSO pH 7.5 0.0385a 18.05 3330.05

0.02 M K
2
HPO

4
 with 0.15 M NaCl and 10% DMSO pH 7.4 0.0144a 48.05

10 mM Na-PO
4
 with 0.2 M NaCl and 10 mM EDTA and 1%

DMSO pH 6.8 (buffer 2)
0.0004 121.2 3794.7

50 mM Na-PO
4
 with 5% DMSO pH 8.0 (buffer 1) 0.0029 35.8 3299.4

EDTA, ethylenediaminetetraacetic acid.
a First-order constants, calculated from t

1/2
5.
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blocking group for serine proteases. An enzyme (in)
activity could be controlled over long period of time by 
adjusting the inhibitor concentration5. However, the 
recent literature has revealed very limited amount of 
kinetic data based on enzyme inhibition by DCI.

Use of DCI in lipase inhibition – incubation method
The use of DCI as the inhibitor of serine proteases is mostly 
related to verification of the catalytic residue serine in the 
active site of an enzyme15,40–43. Data on the inhibition of 
serine proteases and some other catalytic serine-based 

hydrolases by DCI are listed in Table 2. Among the 
enzymes listed in Table 2, only a few serine proteases 
reacted very rapidly and strongly with DCI. The covalent 
binding of DCI to the catalytic serine of an enzyme can be 
determined reliably by MS methods34. The 3D structures of 
the majority of the enzymes and their various complexes, 
listed in Table 2, are deposited in Protein Databank48. 
However, the search of Protein Databank revealed a single 
complex of DCI with the serum serine protease, factor D 
(at a resolution of 1.8 Å45) (Figure 3, pdb code 1dic). The 
authors of the paper reporting the structure of DCI:D 

Table 2.  Inhibition of serine proteases and other enzymes by 3,4-dichloroisocoumarin.
Enzyme [DCI] (µM) t

1/2
 (min) k

obs
/[I] (M−1 s−1)

Serine proteases
  Human leukocyte elastase5 1.1 1.2 8920
  Human leukocyte elastase44 0.6–6.0 12,800
  Murine granzyme B6 4.2 4200
  Staphylococcus aureus protease V-85 18.0 0.3 2765
  Human proteinase 36 3.6 2600
  Human proteinase 344 0.6–6.0 6389
  Porcine pancreatic elastase5 8.1 0.6 2500
  Rat mast cell protease II5 11.0 1.8 580

  Bovine chymotrypsin Aα
5 13.0 1.6 570

  Streptomyces griseus protease A5 136.0 0.3 310
  Rat mast cell protease I5 38.0 1.2 260
  Bovine trypsin5 127.0 0.5 198
  Human factor D5 109.0 0.6 192
  Human factor D45 50.0 40
  Human C1s6 44.0 170
  Trypanosoma congolense trypsin-like serineoligopeptidase46 250.0 0.3 167
  Human plasmin5 203.0 0.4 133
  Human factor XII

a
5 135.0 1.3 64

  Murine granzyme A6 45.0 50
  Human C1r6 470.0 42
  Sheep lymph capillary CIP6 460.0 39
  Human factor VII

a
6 44.0 31

  Protease La6 82.0 30
  Human leukocyte cathepsin G5 49.0 8.4 28
  Human skin chymase5 92.0 4.7 27
  Porcine pancreatic kallikrein5 127.0 3.4 27
  Bovine factor XI

a
5 239.0 1.8 27

  Bovine thrombin5 127.0 3.7 25
  Human thrombin5 340.0 3.4 10
  Bovine factor X

a
5 422.0 133.0 0.2

  Dipeptidyl-peptidase IV6 50.0 18%
Esterases and other enzymes
  Streptomyces rimosus lipase 1.1–13.8 0.1–1.0 5705
  Influenza C virus esterase6 6.3 410
  Bovine multicatalytic proteinase complex6

    Chymotrypsin-like activity 4.0 147
    Glutamyl-hydrolyzing activity 12.0 33
    Trypsin-like activity 40.0 12
  Rat liver multicatalytic proteinase complex47

    Chymotrypsin-like activity 20.0 4.8 120
    Peptidylglutamylpeptide hydrolase activity-cooperative component 20.0 12.0 48
  Glycogen phosphorylase b6 100.0 3.4
  Acetylcholinesterase5 157.0 >120 <0.6
Bold numbers represent the values obtained in this study.
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factor complex45 proposed the chemical modification of 
the inhibitor resulting in the formation of an α-hydroxy 
acid moiety through the nucleophilic substitution of both 
chlorine atoms.

According to the data in the literature on moderate 
inhibition of factor D by isocoumarins49, DCI might not 
be the “ideal model” to study enzyme–inhibitor interac-
tions. Unfortunately, there is no other known 3D structure 
of the enzyme complex with DCI inhibitor. We decided to 
extract the relevant structural information on the interac-
tions of DCI inhibitor and the enzyme – human factor 
D45 and discussed them in view of the reactivation of the 
enzyme inhibited by DCI observed in our experiments on 
SrLip inhibition. The relevance of this reasoning lays in 
the fact that lipases and serine proteases share the topol-
ogy of active-site triad and general mechanism features50.

The inhibitor is covalently bound to the catalytic resi-
due Ser-195 of factor D (numbering according to trypsin, 
as in ref. 45). However, the two catalytic residues His-57 and 
Asp-102 are not involved in any noncovalent interaction 
with the inhibitor; the shortest distances between DCI 
and these catalytic residues are 6.24 and 6.33 Å, respec-
tively. The polar head of DCI is placed at the entrance of 

a narrow, mostly hydrophilic pocket (Figure 3) and it is 
stabilized by the two hydrogen bonds: an oxygen atom 
of the carboxyl group is an acceptor of the peptide NH 
from Gly-193, whereas the carbonyl oxygen (next to the 
covalent bond to Ser-195) participates in a weak contact 
to the peptide NH of Gly-216 (Figure 3). The hydrophilic 
pocket, which is the only space available in the vicin-
ity of Ser-195, is not an optimal neighbourhood for the 
aromatic moiety of the inhibitor. The relative orientation 
of the phenyl ring is not favourable for C–H…O contacts. 
Obviously, the location of the inhibitor is not a favourable 
one. The narrow pocket with the two holes that can serve 
for the inhibitor exit might be used when the key interac-
tion (the covalent bond to Ser-195) is cleaved.

In our preliminary experiments, we attempted 
to determine second-order inhibition rate constant  
(k

obs
/[I]) by commonly used incubation method. Value 

obtained from linear part of the inhibition curve –  
k

obs
/[I] = 5705 ± 26 M−1 s−1 – shows that SrLip is strongly 

inhibited by DCI. So far, DCI has shown higher reactiv-
ity only with human leukocyte elastase, and compara-
ble reactivity with murine granzyme B, Staphylococcus 
aureus protease V-8, human proteinase 3, and porcine 
pancreatic elastase (Table 2). Already, Harper et al.5 
noted specificity of DCI for serine proteases and par-
ticularly human leukocyte elastase, whereas it did not 
inactivate other tested types of proteases. Later, Powers 
and Kam6 stated high specificity of other substituted 
isocoumarins for human leukocyte elastase compared 
to other chymotrypsin-like enzymes. The fact that 
DCI inhibits trypsin-like enzymes (including several 
esterases) less effectively and more slowly (Table 2)6 
indicates similarity of the substrate specificity and 
active-site architecture between SrLip and elastase (and 
chymotrypsin), which can be verified when SrLip 3D 
structure becomes available.

The shape of inhibition curve (Figure 4a) confirmed 
that inhibition of S. rimosus lipase with DCI follows 
mechanism B depicted in Scheme 1 (two-step irrevers-
ible inhibition). Namely, according to Bieth3, plot of k

obs
 

vs. inhibitor concentration can be linear, biphasic, or 
hyperbolic. Linear plot suggests, depending on the exact 
equation, one-step reversible or one-step irreversible 
inhibition. Biphasic plot indicates two-step reversible 
competitive inhibition. Hyperbolic plot, with the equa-
tion k k Kobs iI I= ×[ ] +[ ]( )2 o o

*
, is a characteristic of 

two-step irreversible inhibition (Scheme 1). This is valid 
for inhibitor concentration that is much higher than the 
enzyme concentration ([I]

0
 ≥ 10 [E]

0
). This condition was 

fulfilled in SrLip–DCI experiments and measured k
obs

 
values were fitted to given equation in GraphPad Prism 
4.0 program with R2 = 0.99.

Inhibition kinetics constants were calculated to be 
k

2
 = 12.2 ± 0.6 min−1 and K

i
* = 26.6 ± 2.8 µM. Dissociation 

constant of the noncovalent E•I complex, K i
* , is marked 

with an asterisk because the K
m

 value for the substrate used 
in these experiments (pNPP) is unknown; SrLip follows 
interfacial activation kinetics29 and not Michaelis–Menten 

Figure 3.    View of the bound inhibitor in the structure of the 
complex of human factor D with DCI (PDB code 1dic). a) The DCI 
molecule is covalently bound to the catalytic Ser-195, whereas the 
catalytic residues His-57 and Asp-102 are out of the pocket with the 
bound inhibitor. Two hydrogen bond contacts between factor D and 
DCI are found: a carboxyl oxygen of inhibitor acts as the acceptor 
to nitrogen of Gly-193 (N–H...O, 2.73 Å) and the carbonyl oxygen 
is in a weak contact to Gly-216 (3.44 Å). b) The same orientation 
of the inhibitor depicted against the surface of the protein shaded 
according to the hydrophobicity of the residues (light to dark with 
increasing hydrophobicity). DCI, 3,4-dichloroisocoumarin.
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kinetics. The proper K
i
 constant and constant calculated in 

this study are related by: K K Ki
*

i mS= × +[ ]( )1 44.

Lipase inhibition in the presence of substrate
The inhibition of SrLip with DCI was very fast as was the 
case in most tested enzymes (t

1/2
 < 1 min, Table 2) and this 

made the use of incubation method rather impractical. 
Therefore, we determined inhibition rate also by prog-
ress curve method (Mechanism D in Scheme 1). In this 
method38, substrate hydrolysis is monitored in the pres-
ence of an irreversible inhibitor, and data analyzed as 
described in Materials and methods. With this method, 
inhibition kinetics constants were calculated to be  
k

2
 = 0.11 ± 0.01 min−1 and K i

* = ±6 6 1 5. .  Mµ  (Figure 4b). 
The dissociation constant K i

*  is fourfold lower than 
the value obtained by incubation method, but inhibi-
tion rate constant k

2
 is over 100-fold lower than the 

value obtained by incubation method, which results in  
27.5-fold decrease in inhibition specificity k K2 i

*( ) .
A possible explanation for increase in DCI affinity 

(lower K i
* ) could be in a characteristic lipase prop-

erty of interfacial activation, i.e. enhanced activity in 
the presence of water–oil interface. We have previ-
ously demonstrated interfacial activation for SrLip and 

enhanced inhibitory effect of PMSF when it was added 
during substrate hydrolysis29. Although the affinity of 
DCI for SrLip active site is high enough to be measured 
in the absence of substrate (incubation method), one 
can imagine that in the presence of substrate (progress 
curve method), active site becomes even more acces-
sible to the inhibitor. The decrease in inhibition rate 
constant (k

2
) can probably be explained by kinetic com-

petition of the inhibitor and substrate for the enzyme 
active site.

Lipase active-site titration
As we have proven that DCI is a covalent inhibitor of 
SrLip, we attempted enzyme active-site titration of SrLip 
with this compound. Analogous to reactivation studies, 
enzyme assay method was compared with MALDI-MS 
and ESI-MS methods. Using activity assay method under 
conditions described in Materials and methods, Lipase 
active-site titration, the active enzyme concentration was 
determined to be 2.9 µM. This value is in good agreement 
with protein concentration of 3.0 µM measured with 
NanoDrop1000 instrument.

MS was already used, although not extensively, as a 
tool to determine active-site accessibility in proteins51 
and for active-site titration52. During active-site titration, 
a sample of each lipase–inhibitor incubation mixture, 
after 15 min of incubation, was subjected to ESI- and 
MALDI-mass spectrometric measurements. The trend 
of diminishing enzyme activity with increasing inhibi-
tor concentration was clearly detectable; however, in 
our case, these methods were not accurate enough for 
precise active enzyme concentration determination. 
Active enzyme concentrations obtained by ESI-MS and 
MALDI-MS were 4.2 and 6.1 µM, respectively.

ESI mass spectra taken at different times of incuba-
tion are shown in Figure 5. The analysis of mass spectra 
was performed as in experiments on SrLip–DCI complex 
reactivation, and molecular masses determined were 
24,168 ± 7 and 24,368 ± 5 Da with MALDI-MS for SrLip 
and SrLip–DCI complex, respectively, and 24,164 ± 1 
and 24,360 ± 1 Da with ESI–high-resolution MS for SrLip 
and SrLip–DCI complex, respectively (both values show 
deviation of 2 Da).

The use of MS does not require highly purified enzyme 
in enzyme active-site titration, whereas classical pro-
tein concentration determination methods depend on 
protein purity. However, for the measurement of active 
enzyme concentration to be accurate and precise, the 
inhibitor should be stable and firmly bound in the 
enzyme active site, which is apparently not the case with 
DCI. It is stable enough for activity measurements, which 
are performed in “mild” buffer conditions and in short 
time (so active-site titration was successful with pNPP 
activity measurements). However, sample preparation 
conditions and MS measurement are not optimal for DCI 
when enzyme and inhibitor are in close-to-equimolar 
concentrations, and inhibitor decomposes in time scale 
needed to perform the experiment.

Figure 4.  Inhibition of Streptomyces rimosus lipase by 
3,4-dichloroisocoumarin: a) incubation method, b) progress curve 
method.
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Kinetic characterizations of enzymes require knowl-
edge about the concentration of active site in solution. 
This is especially important in structure–activity studies 
of genetically engineered enzymes in order to rule out 
folding or stability problems of the mutants. Probably 
due to complicated kinetic mechanism caused by 
interfacial activation, the lipase active-site titrations 
are seldom performed. However, few methods were 
developed, mainly using 4-methylumbelliferyl phos-
phonate- or phosphate-based inhibitors53,54 or methyl-
p-nitrophenyl-n-hexylphosphonate55. To the best of 
our knowledge, this is the first active-site titration of a 
lipase by DCI.

Conclusion

In this article, we present the first kinetic study of the 
lipase (specifically SGNH-hydrolase) inhibition by 
DCI. Inhibition of SrLip with DCI follows the mecha-
nism of two-step irreversible inhibition, with con-
stants K i

* . . . .= ± ±( )26 6 2 8 6 5 1 5 µM  and k
2
 = 12.2 ± 0.6 

(0.11 ± 0.01) min−1, determined by incubation (or prog-
ress curve) method. Determination of the active enzyme 
concentration using inhibition with DCI and subsequent 
activity measurements were performed, for the very first 
time, with a highly purified lipase preparation. These 
results are in accordance with protein concentration 
determination using UV absorbance measurement at 
280 nm. MS was shown to be a suitable method to follow 
changes in DCI-modified lipase concentration during 
the course of inhibited enzyme reactivation or the active-
site titration.
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