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Papain activity in a buffer containing Me,SO was studied using fluorogenic sub-
strates. It was found that the number of active sites of papain decreases with increas-
ing Me,SO concentration whereas the incubation time, in a buffer containing 3%
Me,SO does not affect the number of active sites. However, an increase of papain in-
cubation time in the buffer with 3% Me,SO decreased the initial rate of hydrolysis of
Z-Phe-Arg-Amc as well as Dabcyl-Lys-Phe-Gly-Gly-Ala-Ala-Edans. Moreover, an in-
crease of MeySO concentration in working buffer decreased the initial rate of
papain-catalysed hydrolysis of both substrates. A rapid decrease of the initial rate (by
up to 30%) was observed between 1 and 2% MeoSO. Application of the Michae-
lis-Menten equation revealed that at the higher Me3SO concentrations the apparent
values of k.,/K,, decreased as a result of K, increase and k.,; decrease. However,

Me2SO changed the substrate binding process more effectively (K,) than the rate of
catalysis k_,;.

The activity of proteolytic enzymes is usually  defined and imitates the binding fragments of
measured with synthetic chromogenic or natural substrates or inhibitors of the proteas-
fluorogenic peptide substrates [1]. These com-  es. The catalytic pocket of the majority of
pounds usually contain from two to six amino  these enzymes has a hydrophobic rather than
acid residues. Their sequence is often strictly =~ hydrophilic character. Therefore the amino-
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acid sequences of “good” synthetic substrates
are dominated by hydrophobic residues. The
hydrophobicity of the substrates is addition-
ally increased by their chromophoric and flu-
orophoric groups. As a consequence, the syn-
thetic peptide substrates of proteases are
poorly soluble in water and their application
in enzymatic tests requires buffers containing
an addition of an organic solvent. Unfortu-
nately, the organic solvent may change the en-
zyme conformation as a result of water re-
placement or by disrupting hydrophobic inter-
nal interactions. Organic solvents may also
disturb substrate desolvation necessary for its
penetration into the enzyme catalytic pocket,
and block the enzyme active center or des-
tabilize enzyme-substrate transition state as
well as reduce the conformational mobility of
the enzyme [2]. Therefore, the general opin-
ion that 5-10% of an organic solvent in the as-
say does not inhibit the enzyme activity needs
to be checked in each case [3].

The most commonly used organic solvent in
enzymatic assays is MegSO, less often DMF,
methanol, ethanol or acetonitrile. In standard
measurements of the papain family enzymes
activity MeoSO concentration is 1-2% and it
is assumed not to influence the kinetics [4].
However, MeoSO, like many other organic sol-
vents, dissolves proteins [5], changes their
conformation [5, 6] and often modifies en-
zyme activity in water/MeoSO mixtures of
both low and high MesSO concentration [5,
7-10].

The measurements are often performed with
the dipeptide Z-Phe-Arg-Amc as a substrate,
which is specific for all papain-like cysteine
proteases. Determination of the activity of
particular enzymes present in (samples from)
cell homogenates or physiological fluids re-
quires the use of complex indirect methods,
for instance with the use of specific inhibitors
[11, 12]. A different, simpler way would be to
employ substrates specific for the chosen en-
zyme. However, they have to possess longer
amino-acid sequences to be selectively recog-
nized and, what usually goes with it, a more

hydrophobic character. Enzyme reactions
with such substrates would require buffers
containing more than 2% of an organic sol-
vent. Our research on synthetic peptide sub-
strates for chosen lysosomal cysteine proteas-
es [13] prompted us closer to examine the in-
fluence of Me2SO on the enzyme kinetics. The
experiments were performed for papain, a
model enzyme of the papain-like family of
cysteine proteases. We used both a short,
standard Z-Phe-Arg-Amc substrate and a lon-
ger one, proposed by Garcia-Echeverria &
Rich [14], displaying high specificity for
papain. Papain activity was measured as an
increase of fluorescence intensity of liberated
amino-coumarin when Z-Phe-Arg-Amc was
used as the substrate. In the other fluorogenic
substrate used quenching of Edans fluores-
cence by distance-dependent resonance en-
ergy transfer to the Dabcyl quencher is elimi-
nated upon cleavage of the intervening pep-
tide linker between glycine residues (see Fig.
1 for details).

[ RESONANCE ENERGY TRANSFER }

Lys-Phe -Gly-Gly-Ala- Ala Edans

Papain
Cleavage

Dabeyl ys-Phe-Gly-OH + HoN-Gly- Ala-Ala E
T <!

Figure 1. Principle of the fluorogenic response to
papain cleavage of the Dabcyl-Lys-Phe-Gly-Gly-
Ala-Ala-Edans substrate.

MATERIALS AND METHODS

Materials. E-64 and papain (EC 3.4.22.3)
were purchased from Sigma. The commercial
enzyme was purified as described previously
[15]. Z-Phe-Arg-Amc, Amc, Boc- and Fmoc-
amino acids were purchased from Bachem
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AG, MeoSO (BioChemika MicroSelect for mo-
lecular biology) from Fluka.

Peptide synthesis. The substrate Dabcyl-
Lys-Phe-Gly-Gly-Ala-Ala-Edans was synthe-
sized and characterised using the procedure
described by Garcia-Echeverria & Rich [14].

The fluorescent peptide Trp-Val-Ala-Edans
was obtained by means of classical solution
methods, according to the following outline:
Boc-Trp-Val-Ala + Edans = Boc-Trp-Val-Ala-
Edans - Trp-Val-Ala-Edans. Boc-Trp-Val-Ala
was synthesized using the DCC/HOBt method
[16] beginning with the coupling of Boc-Val
and Ala-OBzl. The product obtained was
joined, after removing the Boc group, with
Boc-Trp. The C-terminal benzyl group was re-
moved by hydrogenolysis. The coupling of
Boc-Trp-Val-Ala with Edans was accomplished
using the BOP/HOBt method [17]. All Boc
protecting groups were removed with a TFA/
phenol/triispropylsilane/H20 (88:5:2:5)
mixture. The crude product was purified by
means of HPLC on a Kromasil 7um Cg col-
umn (25 X 250 mm) using two step gradient
elution (10 min 0-10% and 120 min 10-30%
aqueous CH3CN containing 0.1% TFA) at a 5
ml/min flow rate and 223 nm detection wave-
length. The final product was evaluated by an-
alytical HPLC on a Kromasil 5-um Cg column
(4.6 X 250 mm), 20 min linear gradient
(15-30% CH3CN with 0.1% TFA), 1 ml/min
flow rate, A = 223 nm; tg = 12.3 min and identi-
fied by FAB MS; m/z 624 (M+H)".

Fluorescence measurements. Fluores
cence was monitored on a Perkin-Elmer LS
50B spectrofluorimeter using the time drive
option of the F1 WinLab software provided by
the manufacturer. The measurements for
Amc and Z-Phe-Arg-Amc were done using 380
nm as the excitation wavelength and 460 nm
as the observation wavelength. In the case of
Dabceyl-Lys-Phe-Gly-Gly-Ala-Ala-Edans and
Trp-Val-Ala-Edans the excitation and observa-
tion wavelengths were 336 nm and 490 nm, re-
spectively.

Enzymatic assays. All kinetic experiments
were performed according to the method de-

scribed by Barrett et al. [18], partly modified
by us. The activating buffer was 0.4 M sodium
potassium phosphate, pH 6.8, containing 8
mM dithiothreitol and 4 mM EDTA. During
the measurements the cuvette contained 750
ul of the activating buffer, 50 ul of papain
(1.68 x 10~ "M solution in 0.1% Brij 35), sub-
strate, MeoSO (total concentration of MeySO
in the cuvette was from 0.95 to 10% depending
on the experiment) and was filled to 3000 u1 of
total volume with 0.1% Brij 35. Because of the
lower sensitivity of our spectrofluorimeter
than used by Barrett et al. [18], it was neces-
sary to use a higher concentration of the sub-
strates poorly soluble in water. The stock solu-
tion of the substrate prepared before the ex-
periments was 870 uM Dabcyl-Lys-Phe-Gly-
Gly-Ala-Ala-Edans in MegSO or 100 uM
Z-Phe-Arg-Amc in Me9SO/H50 (1:2, v/v) mix-
ture. Thus, the lowest final concentration of
MeySO in the reaction mixture was 0.95%.

For the determination of the Michaelis-Men-
ten kinetic parameters, the enzyme was
preincubated for 10 min at 40°C in cuvettes
containing the activating buffer and 0.1% Brij
35 and then an adequate amounts of Me2SO
and Dabcyl-Lys-Phe-Gly-Gly-Ala-Ala-Edans
were added. The reaction was monitored for
10 min.

To study the influence of MegSO concentra-
tion on the activity of papain we carried out a
series of kinetic measurements for different
Me2SO concentrations and constant substra-
te and papain concentrations using Dabcyl-
Lys-Phe-Gly-Gly-Ala-Ala-Edans or Z-Phe-Arg-
Amc as the substrate.

To estimate the influence of incubation time
with MegSO on papain activity, MesSO was
added to the activating buffer at the same
time as the enzyme and the duration of the ini-
tial incubation was increased to 30 min. In
this experiment Z-Phe-Arg-Amc was used as
substrate.

Influence of MesSO on Amc and Edans
fluorescence intensity. A series of solutions
containing a constant concentration of Amec
or Trp-Val-Ala-Edans, 750 ul of activating
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buffer and different amounts of MeoSO was
prepared. These solutions were filled up with
0.1% Brij 35 to of 3000 ul and later fluores-
cence spectra were measured. The fluores-
cence intensity of Trp-Val-Ala-Edans and Amc
at the chosen wavelength as a function of
MeoSO concentration was estimated.

Active sites titration. The molar concentra-
tion of papain active sites was assessed by ti-
tration with E-64. A series of tubes containing
750 ul of the activating buffer, 50 ul of the en-
zyme solution, and a suitable amount (from 0
to 400 ul) of 0.1 uM E-64 solution in H9O con-
taining 0.1% (v/v) MeySO were filled with
0.1% Brij 35 to 2900 ul. After 60 min of incu-
bation at 40°C, 100 ul of 100 uM Z-Phe-
Arg-Amc solution in a water/MeySO mixture
(1:2.5, v/v) was added to each tube. Thus, the
total concentration of MeySO reached 0.95%.
After 10 min the reaction was stopped with
1500 ul of 100 mM sodium monochloro-
acetate solution in 100 mM sodium acetate
(pH 4.3) and the fluorescence of the liberated
Amc was measured. To examine the influence
of MeySO concentration on the number of
papain active sites the titration with E-64 was
also carried out at 4.95% and 9.95% MeySO,
according to the procedure mentioned above,
but after 60 min incubation of the enzyme
with E-64 incubation 100 ul of 100 uM
Z-Phe-Arg-Amc and an appropriate amount of
MeySO were added. The total volume of the re-
action mixture was kept constant at 3000 ul
by lowering the volume of 0.1% Brij 35 used.
To estimate the influence of the incubation
time with Me5SO on papain active sites num-
ber, 50 ul of the enzyme solution was initially
incubated at 40°C for 30 min in a series of
tubes containing 750 ul of the activating
buffer, 60 ul of MeySO (3%) and an appropri-
ate amount of 0.1% Brij 35. Then a suitable
amount of 0.1 uM E-64 solution was added to
each tube and the incubation was continued
for 30 min and further procedure was per-
formed as described above. The total incuba-
tion time of papain in this case was one hour.
In another experiment the organic solvent (3%

of MegSO) was added to the reaction mixture
after 60 min of incubation of papain with
E-64.

RESULTS AND DISCUSSION

The addition of MeySO to the buffer solution
containing Amc or Trp-Val-Ala-Edans, in both
cases caused a blue-shift of their fluorescence
spectra and simultaneously an increase of the
fluorescence intensity of fluorophores (not
shown). The observed increase of the fluores-
cence intensity for Edans as well as for the
Amc with increasing MeoSO concentration
was non-linear. Such behaviour is frequently
observed for fluorophores whose fluorescence
derives from the charge-transfer excited state
[19]. Thus, the calibration curve used for en-
zyme activity calculation based on the fluores-
cence intensity changes has to be obtained in
the presence of an appropriate MeoSO con-
centration. Such calibration curves were used
for papain activity calculations presented in
our report.

The finding that E-64 reacts rapidly and
stoichiometrically with the cysteine residue
essential for the catalytic activity of the
papain family enzymes leads to the common
usage of this covalent-type inhibitor for the ac-
tive site titration of these enzymes [18]. The
stock solution of E-64 for kinetic measure-
ments is usually 1.0 nM in 1% MeySO in wa-
ter. This means that during the standard pro-
cedure of titration, at the time of incubation of
the enzyme with the inhibitor the concentra-
tion of MeySO is far below 1%, i.e. much lower
than the concentration used during the mea-
surements of kinetics of hydrolysis synthetic
peptide substrates. To establish whether the
MeoSO concentration used during these mea-
surements influences the number of papain
active sites we titrated the enzyme according
to the standard procedure in buffers contain-
ing 0.95%, 4.95% and 9.95% Me2SO using 60
min incubation of papain with E-64.



Vol. 48

Influence of Me,SO on papain activity 999

The results presented in Fig. 2 indicate that
papain activity, expressed as the fluorescence
intensity of liberated Amc, decreases linearly
with increasing E-64 concentration for all

Fluorescence intensity [arb. unit]

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010
E-64 [uM]

Figure 2. Influence of MesSO concentration on ti-
tration of papain with E-64.

a) [l 0.95% Me,SO, number of active sites = 8.1656 X
10_10 mol/dm”; b) @ 4.95% Me,SO, number of active
sites = 6.6401 x 107"° mol/dm%; c) A 9.95% Me,SO,
number of active sites = 5.1286 X 10" mol/dm". The
ordinate presents Amc fluorescence intensity after 10
min of the enzymatic hydrolysis of Z-Phe-Arg-Amc.

MeySO concentrations studied but does not
reach zero. Below 20% activity (depending on
MeySO concentration) the curves deviate
markedly from linearity, tending to become
asymptotic with the abscissa. Such behaviour
was observed by Barrett et al. [18] for
cathepsin H. Despite this, we found that the
inactivation fitted a linear relationship down
to at least 50% of inactivation, and a straight
line could be drawn through the upper points
and extrapolated to the base line. Such proce-
dure for determination of the number active
sites was applied by Barrett et al. [18] for
cathepsin H.

When calculated based on the results pre-
sented in Fig. 2 the active sites number of
papain decreases with increasing Me2SO con-
centration; for the lowest Mey,SO concentra-
tion used (0.95%) it is 8.17 X 1071% mol/dm?
and decreases to 5.13 X 1071 mol/dm?® for
9.95% MeoSO. The incubation time, in buffer

containing 3% Me9SO, has no influence on the
number of active sites (not shown), but fur-
ther shifts of the equilibrium between active
and inactive form of papain can not be ex-
cluded. Kinetic studies of reaction between
E-64 and papain in the presence of MeySO
(which are in progress), similar to those con-
ducted by Barrett et al. [18] should give infor-
mation about such equilibrium.

Basing on the crystal structure of papain
complexes with E-64 and with its analogue
E-64c a great importance of the hydrophobic
interactions of P9 with So and P3 with Sg was
established for the inhibitory activity of these
compounds [20, 21]. The binding process can
be disrupted by the competitive hydrophobic
MeySO interactions with both the inhibitor
and the enzyme catalytic pocket. Our results
suggest that such interactions could be re-
sponsible for the change of the effective con-
centration of the active form of papain in the
presence of MegSO.

Another parameter that can influence the
proteolytic activity of enzymes is the time of
their incubation in buffers containing an or-
ganic solvent. It should be taken into account
in at least two cases. The first is the measure-
ment of the activity of cysteine proteases after
different time of incubation with synthetic in-
hibitors poorly soluble in water (time-de-
pendent inhibition) [22, 23]. The second is the
measurement of the activity of enzymes found
in tissue homogenates. In some cases the test
for cathepsins activity includes incubation of
homogenates with the substrate Z-Phe-Arg-
Amc in buffers containing up to 23% Mey,SO
from 10 to 60 min [11]. Then the enzyme reac-
tion is stopped and after adequate dilution the
fluorescence of the released coumarin is mea-
sured.

In order to examine whether the duration of
papain incubation in solutions containing
MeoSO influences the rate of Z-Phe-Arg-Amc
hydrolysis we followed the kinetics of this re-
action in a buffer containing 3% Me2SO.
MeySO was added after 0, 10, 20 and 30 min
of papain incubation in buffer only. The sub-
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strate was added after 30 min of preincu-
bation at 40°C. During the measurements
both the enzyme and substrate concentrations
were constant. Figure 3 presents the increase

Fluorescence intensity [arb. unit]

Time [min]

Figure 3. Influence of papain incubation time with
3% MesSO on the enzymatic hydrolysis of
Z-Phe-Arg-Ame (30 min total incubation time).

a)—0min, b) - - 10 min, ¢)---20 min, d) - - 30 min.

of fluorescence intensity during the first 10
min of the reaction. The curves indicate that
the longer the incubation time with MegSO,
the smaller the initial rate of the reaction,
reaching approximately half of the initial ac-
tivity of the longest time of incubation with
MeoSO. This suggests that, during incubation
in a buffer containing 3% MeySO, slow papain
conformational changes occur. These changes
influence the initial rates of Z-Phe-Arg-Amc
hydrolysis, but have no impact on the evalua-
tion of the active sites by E-64 titration.

In the present work we also examined the in-
fluence of Me9SO concentration on the initial
rate of papain-catalysed hydrolysis of the stan-
dard cysteine protease substrate Z-Phe-Arg-
Amc and the papain specific substrate
Dabcyl-Lys-Phe-Gly-Gly-Ala-Ala-Edans. Fig-
ure 4 presents the results of experiments for
Dabcyl-Lys-Phe-Gly-Gly-Ala-Ala-Edans. The
curve displays a rapid decrease of the initial
rate between 1 and 2% MegSO. Papain loses
about 30% of activity in the buffer containing
2% Me9SO. For higher MeoSO concentrations
the initial rate of the reaction decreases more

slowly. Similar results of papain activity
changes were obtained using Z-Phe-Arg-Amc
as substrate (not shown). These observations
are important because in many papers it is as-
sumed that MeoSO concentration up to 2%
does not change the enzyme activity [4]. This
suggests that for a particular content Me2SO,
the concentration of papain in the active con-
formation may not necessarily be equal to the
concentration of papain active sites found by
E-64 titration.

50 - ®
40 -]
30

20

Initial rate [arb. unit/min]

MexSO[% vol.]

Figure 4. Dependence of the initial rate of papain
catalysed hydrolysis of Dabcyl-Lys-Phe-Gly-Gly-
Ala-Ala-Edans on MegSO concentration.

A simple model of one-substrate enzymatic
reaction is described by the Michaelis-Menten
equation. This approach was used to compare
the kinetics of papain-catalysed hydrolysis of
Dabcyl-Lys-Phe-Gly-Gly-Ala-Ala-Edans in buff-
ers containing 1% and 5% MeySO. The depend-
ence of the initial rate on substrate concentra-
tion is presented in Fig. 5. The apparent ki-
netic parameters calculated basing on the Mi-
chaelis-Menten equation (taking into account
the different numbers of active sites at differ-
ent MeoSO concentration) are: for 1% MeoSO
K. =5.06+0.61 uM, kg, = 15.91 s, thereby
Eeat/Km = 3.14 uM~'s™!, and K, = 31.58 +
2.47 UM, keyy = 24.85 ™1 and kg, /Ky, = 0.79
ptM_ls_l for 5% MegSO. These results indi-
cate that MeoSO affects the binding processas
well as the rate of catalysis. However, its influ-
ence on the binding is higher than on the rate
of catalysis. The most probable reason of that
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is a serious disturbance of hydrophobic (but
not electrostatic) interactions in the binding
of Dabcyl-Lys-Phe-Gly-Gly-Ala-Ala-Edans with
papain caused by Me,SO. At low concentra-
tions MeoSO does not substantially affect the
dielectric constant of water. The hydro-

0.7 4

1N e =4
IS o =)
A TP -

Initial reaction rate v, [uM/min]
o
w
|

0o 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Dabcyl-Lys-Phe-Gly-Gly-Ala-Ala-Edans [uM]

Figure 5. Dependence of the initial rate of papain
catalysed hydrolysis of Dabcyl-Lys-Phe-Gly-Gly-
Ala-Ala-Edans on substrate concentration.

The non-linear least-squares fit to the Michaelis-Men-
ten equation is shown for 3% M Mey,SO and @ 10%
Me,SO.

phobicity of Me,SO is also responsible for the
k.qt decrease since hydrophobic intramolecu-
lar interactions are an essential source of pro-
tein stability [24, 25]. The decrease of kg
with MeoSO concentration increase reflects
the weakening of these interactions. The ac-
tive conformation of papain becomes less sta-
ble and some conformational changes may oc-
cur.

The results presented in this paper indicate
that MeoSO seriously affects papain activity,
especially in the low concentrations range (up
to about 2%). The time of incubation in buffers
with Me,SO also influences papain activity.
Therefore the results of any kinetic study us-
ing this enzyme will depend very much on the
assay method. This should be taken into ac-
count especially when the data from different
works are being compared.
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