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Abstract: The kinetic behavior of the a-chymotrypsin-
catalyzed hydrolysis of the two p-nitroanilide substrates
succinyl-L-Ala-L-Ala-L-Pro-L-Phe-p-nitroanilide (Suc-Ala-
Ala-Pro-Phe-pNA) and benzoyl-L-Tyr-p-nitroanilide (Bz-
Tyr-pNA) was modeled and simulated for two different
systems, namely for an aqueous solution and for a
vesicle system, which was composed of phospholipid
vesicles containing entrapped a-chymotrypsin. In the
case of the vesicles, the substrate was added to the bulk,
exovesicular aqueous phase. The experimentally deter-
mined time-dependence of product (p-nitroaniline) for-
mation was modeled by considering the kinetic behavior
of the enzyme and—in the case of vesicles—the sub-
strate permeability across the bilayer membrane. In
aqueous solution—without vesicles—the kinetic con-
stants k.., and Kg (respectively K,,) were determined
from fitting the model to experimental data of batch
product concentration-time curves. The results were in
good agreement with the corresponding values obtained
from initial velocity measurements. For the vesicle sys-
tem, using the phospholipid 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), simulation showed
that the substrate permeation across the bilayer was rate
limiting. Using experimental data, we could obtain the
substrate permeability coefficient for Bz-Tyr-pNA by
parametric fitting as 2.45 x 10~ cm/s. © 1999 John Wiley &
Sons, Inc. Biotechnol Bioeng 62: 36-43, 1999.
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INTRODUCTION

Recently, the catalytic activity of the water soluble proteo-
lytic enzymea-chymotrypsin entrapped inside lipid vesicles
(liposomes) was investigated (Walde and Marzetta, 1998).

nitroanilide (Suc-Ala-Ala-Pro-Phe-pNA) was not. This ex-
perimental finding was interpreted qualitatively on the basis
of differences in the permeability properties of the vesicles
for the two types of substrates. Bz-Tyr-pNA could migrate
from the bulk aqueous medium across the bilayer shell of
the vesicle microreactor into the vesicle’s aqueous interior,
where a-chymotrypsin catalyzed the hydrolysis reaction
(see Fig. 1). On the other hand, Suc-Ala-Ala-Pro-Phe-pNA
could not reach the entrapped enzyme, since it could not
permeate across the phospholipid bilayer under the condi-
tions used. We therefore concluded that the observed sub-
strate selectivity ofx-chymotrypsin was based entirely on
the compartmentalization and permeability properties of the
liposome microreactor system. Similarly, the rates of amino
acid oxidation in a system containing liposome-entrapped
p-amino acid oxidase were analyzed by assuming that the
rate-limiting step in the reaction was the transport of the
amino acid across the liposome bilayer and that all the
amino acids reacted with identical enzyme kinetics (Naoi et
al., 1977).

In an extension of our work oa-chymotrypsin, we now
report on a series of new experiments with the aim of ob-
taining quantitative information on the permeability coeffi-
cient of the selected substrate for the vesicles used. This is
accomplished by modeling the experiments and fitting the
parameter to the data. Since the substrate concentration in
the system used was not in excess with respect to the en-
dovesicular enzyme concentration, the simple Michaelis—
Menten equation could not be applied (see below).

Quite generally, enzyme-containing vesicles are interest-

The vesicles were composed of 1-palmitoyl-2-olesy- . : in which a biocatalvst is i bilized
glycero-3-phosphocholine (POPC), and it was in particulallng Systems in which a biocatalyst IS immobilizeéd nonco-

demonstrated that the entrapped enzyme showed a pr glentl){, and potential .a.pplications in drug delivery have

nounced selectivity towards externally added substrate een dISCUSSG.d (.T orchilin, 1987.; Scheper, 199.0)' Furt.her—
While the hydrolysis of small and uncharged substrates liké"°"®: 2 qugnt.ltatwe und_erstandlng of enz_ymatlc _reacnons
benzoyl: -Tyr-p-nitroanilide (Bz-Tyr-pNA) was catalyzed N vgsmles Is important .|f enzyme-containing vesicles are
by the entrapped-chymotrypsin, the hydrolysis of larger considered as bioanalytical tools (Rosenberg et al., 1991).

substrates such as succinyAla-L-Ala-L-Pro-Phep- One may also copsider .t.hat en;yme-cqntaining vesic[es
could be used for biospecific reactions, using substrate mix-

tures: only those substrates for which the vesicle membrane

Correspondence td®. Walde is permeable would be converted.
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bulk S tsid which led to the formation of mainly multilamellar vesicles
phase outside with a considerable size heterogeneity (Bangham et al.,

1965; Papahadjopoulos and Kimelberg, 1974). The vesicle
suspension was then repetitively frozen in liquid nitrogen
and thawed in a water bath at 25°C (10 times) in order to
homogenize the distribution e-chymotrypsin between the
interior of the vesicles and the bulk aqueous phase (Mayer
et al., 1985). During these freeze—-thaw cycles, the size of
the vesicles may change, thereby reducing the number of
small unilamellar vesicles and increasing the content of
multivesicular vesicles, nonconcentric vesicles within
vesicles (e.g. Anzai et al., 1990; Hope et al., 1993). A sig-
nificant decrease in size and lamellarity was achieved by
repetitively passing the vesicle suspension through Nucleo-
pore polycarbonate membranes with mean pore diameters
of 400 nm (10 times), 200 nm (10 times), and 100 nm (10
times), using The Extruder from Lipex Biomembranes Inc.,
Figure 1. Schematic representation of the vesicle system used, showinq/ancouver, Canada (Hope et al., 1993). After this so-called

a cross-section through one single vesicle of rad®ys containing a- extrusion procedure. the vesicles containim
chymotrypsin which catalyzes the transformation of substrate S into the P ! <

two products, Pand B, inside the vesicles. The main processes consideredchymotrypsin were separated from free enzyme chromato-
are the diffusion of S from the bulk phase across the vesicle bilayer (I)graphically on Sepharose 4B (from Pharmacia Biotech,
described by Eq. (6), and the enzyme-catalyzed hydrolysis reaction (IlDiubendorf, Switzerland), packed in a column 45 cm in
described by Eq. (5). length and 1.6 cm in diameter, by applying 1 mL of the

extruded vesicle suspension. Elution was performed with 50
MATERIALS AND METHODS mM Tris/HCI, pH 8, at a speed of 0.5 mL/min (with a P-3
peristaltic pump from Pharmacia Biotech ndorf, Swit-
zerland), collecting fractions of 2 mL. The optical density of
each fraction was then measured by using quartz cells with
POPC was a gift from the Pharma Research Department df cm path length at 280 nm (absorption maximumesf
Novartis International Ltd., Basel, Switzerland. Bovine pan-chymotrypsin and light scattering due to the presence of the
creatic a-chymotrypsin and bovine pancreatic trypsin in- vesicles). The chromatogram shown in Fig. 2 indicates that
hibitor (abbreviated as BPTI; commercial name Aprotinin)the nonentrapped-chymotrypsin (peak 2) could well be
were from Fluka, Buchs, Switzerland. CaCPH,0 was separated from the vesicles (peak 1). Fractions 14-20, cor-
from Sigma, Buchs, Switzerland, and all other chemicalgesponding to an elution volume of 28—-40 ml were pooled,
used were commercially available as described beforstored at 4°C, and further characterized and used for the
(Walde and Marzetta, 1997). kinetic measurements.

vesicle g

phase inside

@ Einside

P1,inside * P2, inside

Chemicals

Preparation of

a-Chymotrypsin-Containing Vesicles 1.50 T AL R I \'
Vesicles were prepared from POPC because it is a wellde- {25 * i
fined, naturally occurring phospholipid, commercially ®

available in large quantities and in pure form. At room 1.00- .
temperature, POPC bilayers are in the fluid-analogue state . ] 1

since the phase transition temperature is at —3°C (Lynch and §0,75- i
Steponkus, 1989). POPC vesicles containing entrapped Q 2 ¢
chymotrypsin were prepared by the so-called extrusion ~ 0.504 |
method, followed by a separation of the nonentrapped en- . \ ]
zyme from thea-chymotrypsin-containing vesicles by gel 0.25 / e
permeation chromatography: 45 mg POPE59 pmol) ! \
were first dissolved in 3 mL CHGIlin a 50 mL round- 0.00- p—— %
bottom flask. After evaporation of the solvent by rotatory 10 20 30 40 50 60 70 80 90 100
evaporation under reduced pressure, the thin film was dried elution volume (ml)

during 1 day at high vacuum. The POPC was then dispersed

. . Figure 2. Gel permeation chromatographic separationae€hymo-
at room temperature by addmg 3 mL SOvhTis/HCI, pH trypsin-containing vesicles (peak 1) from nonentrappechymotrypsin

8, containing '60 mga-chymotrypsin (from' bOVir?e pan-  (peak 2). For details see “Materials and Methods.” The pooled fractions
creas). Vortexing helped to speed up the dispersion procesge marked in black.
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Characterization of MODELING AND THEORETICAL ASPECTS
a-Chymotrypsin-Containing Vesicles

The POPC concentration in the pooled vesicle sample wa&-Chymotrypsin Kinetics in the Absence
determined by using the Stewart assay, in which the phosf Vesicles

pholipids are quantified colorimetrically after complexation
in chloroform with ammonium ferrothiocyanate (Stewart
1980).«-Chymotrypsin was quantified with an activity as-
say, using Suc-Ala-Ala-Pro-Phe-pNA (initial concentration

The kinetic analysis used in the present work is related to
' Scheme 1 developed for tlechymotrypsin-catalyzed hy-
drolysis of esters and amides (e.g. Fersht, 1985),

k k k
25 pM; Bru and Walde, 1991; DelMar et al., 1979) after E + S%‘ ES—ZEP S E+ P, + P, (Scheme 1)
destroying the vesicles with sodium cholate at a concentra- 1

wherek,; andk_, are the rate constants for the formation and
dissociation of the enzyme—substrate complex (ES), respec-
chymotrypsin. The absolute concentration of active enzym(tgvely; llszznd kg eérs tt;e rat? constaqtst for tr(;g ?ectompc;?-
was determined withN-trans-cinnamoylimidazole as de- 1ons o an (the acylenzyme intermediate) to yie

the two products Pand B and free enzyme (E). The turn-

scribed before (Schonbaum et al.,, 1961). For the ;
chymotrypsin used in this study, an enzyme purity of 73060VET pumberl(cag is related tdk; andllg through Eq. (1) by
pplying the steady-state assumption for EP

was determined. For all data presented in this work, thé

concentration ofx-chymotrypsin as obtained by this active koks

site titration was taken into account. Keat =} 11 1)
The mean size of the-chymotrypsin-containing vesicles 2

of diluted samples (1:1 v/v, diluted with 50MnTris/HCI,  and the velocity ) depends then on the substrate concen-

pH 8) was determined by dynamic light scattering measuretration as in the well-known Briggs—Haldane equation, Eq.

ments as described before (Walde and Marzetta, 1998). (2), also known as the Michaelis—-Menten equation,
Electron micrographs were taken by using the freeze— K JEIS]

fracture method (Miler et al., 1980) and by using the cryo- v= 2t )

immobilization technique (Egelhaaf et al., 1996). Ku +[S]

tion of 40 mM. An appropriate calibration curve (containing
40 mM cholate) was applied with known amounts @f

where [E] corresponds to the total enzyme concentration
Kinetic Measurements (e.g. Fersht, 1985; Segel, 1975). For Schentglis still

) called the Michaelis constant but is now defined as
The rate of hydrolysis of Bz-Tyr-pNA or Suc-Ala-Ala-Pro-

Phe-pNA was followed at 25°C by monitoring the increase ks

in optical density at 410 nm as a function of time by using Ku =Ks K, + kg ©)
1 cm quartz cells and a Cary 1E UV/visible spectrophotom-

eter (from Varian International AG, Basel, Switzerland). In and

a typical experiment, 65.L of a a-chymotrypsin- [ES] k.,

containing vesicle sample ([POPC} 1.3 mM; [a- Ks:ﬁ "k (4)

chymotrypsin,,oy = 860 rvi; 50 mM Tris/HCI, pH 8) and

815uL 50 mM Tris/HCI, pH 8, were first incubated with 50  Since in the case of amide substrates—as used in the
wL 0.1 mM BPTI solution (in 50 M Tris/HCI, pH 8) for 5 present work—acylation is rate limitindy << k), it fol-

min at 25°C. The reaction was started by addingif01.5  lows from Eq (1) and (3) thal,, Uk, andK, OKg (Fersht,

mM Bz-Tyr-pNA (dissolved in dimethyl sulfoxide). The 1985).

molar extinction coefficient op-nitroaniline at 410 nm was For Eg. (2) and the conventional Michaelis—Menten
8800 M* cm™ (Mao and Walde, 1991). For the dynamic equation, it is assumed that the total substrate concentration
modeling and parameter estimation, the reaction was gens much larger than the total enzyme concentration,{S}
erally followed until equilibrium (100% hydrolysis). [Eliow If this is not the case—as in the aqueous interior of
the a-chymotrypsin-containing vesicles used in the present
study—the more general expression, Eq. (5), for the Micha-
elis—Menten scheme should be used (Keleti, 1986; Segel,
For simulation and parameter estimation, the softwarel975):

“ModelMaker” from Cherwell Scientific Publishing Ltd,

Dynamic Simulation

Oxford (U.K.), was used.Numerical integrations and op- VZE[([E]tOﬁ [Slot + Ko)
timizations were performed with the implemented Runge— 2
Kutta method (fourth order) and with the Marquardt algo- =V ([Elot * [Shot + Ks? “UELofShod-  (5)

rithm, respectively.
P y As mentioned before, in the case @fchymotrypsin acyl-

ation is rate limiting for amide and anilide substrates (Fer-
! Refer to http://www.cherwell.com. sht, 1985), i.ek, << ks, and it follows that [EFA << [ES].

38 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 62, NO. 1, JANUARY 5, 1999



Therefore, [EF can be neglected in the enzyme’s massity coefficient P, has no influence on the kinetics (with the
balance used to derive Eq. (5) for Scheme 1, i.e {E][E] assumption of negligible product inhibition). TherefoRg,
+ [ES]. could be chosen freely to decrease calculation time.

a-Chymotrypsin-Catalyzed Substrate Hydrolysis RESULTS AND DISCUSSION
in the Vesicle System
The aim of our work was to develop a general model for the

The vesicle system is schematically illustrated in Fig. 1, inetic behavior of water-soluble enzymes entrapped inside
showing one single vesicles of radi&, a-chymotrypsin  yesicles. We have attempted in particular to model the case
which is entrapped inside the vesiclg, 4o, Substrate S,  of 5 two-phase (vesicle phase—bulk phase) batch reactor in
and the two reaction products Bnd B. The flux of Sfrom  \yhich substrate is initially present only in the exovesicular
the external bulk phase across the vesicle bilayer into thgyk phase. For reaction to occur, the substrate molecules
aqueous interior is assumed to follow Fick’s first law of first have to be transferred from the bulk phase into the
diffusion (Cevc, 1993; Stein, 1986). The batch balance fokesicular phase across the bilayer membrane, to reach the
substrate in the bulk liquid is enzyme localized in the aqueous interior of the vesicles. The
d[Slousidze_  PsAUSloutside™ [Slinside modeling of this microreactor system was applied for
e v , (6) a—chymotrypS|n—contalrjlr)g POPC vesicles tq which _the
outside substrate Bz-Tyr-pNA initially added and during reaction
where [S]ige @Nd [Slsiqe 0iven inM, are the substrate was subsequently transferred into the vesicles.
concentration outside the vesicles at titand the free

substrate concentration inside the vesicles at timespec- D ic Simulati Ch t in-Catalvzed
tively. Pg is the permeability coefficient for S, given in thncahm&ga(:al:‘: ilr? 't‘hoé- Abg?noc;yc?fs\lre-si?:lgsyze

cm/s, andA is the total vesicle surface area in the system, in
cn?; V,sieliS the exovesicular volume, in émThe con-  In the following, we will first show how Eqg. (5) can be
centration of S inside the vesicles at titngan be calculated applied for the determination &, andKg from a single
by applying a batch balance to the vesicles phase, whictneasurement in the absence of vesicles. In this case the
gives software ModelMaker was used to fit experimental product
concentration versus time data from a batch reactor. We
A Shotinside_ PSASloutside™ [Slinsiae) _ v (7)  thencompare the values obtainedkgyandKs (CKy,) with

dt - Vinside the corresponding values from a classical enzyme kinetic

with the initial conditions [S] e = O att = 0 and where analysis, based on initial velocity measurements at different

Vi . is the endovesicular volume of the system substrate concentrations and utilizing the Michaelis—Menten
Iinsiae "

The transformation of S into,Rind B is described by the ~ €duation, Eq. (2), and some of its well-known linearized
kinetics of Eq. (5), see above, which when applied to vefepresentations (Fersht, 1985; Segel, 1975). The results are

sicular (inside) conditions becomes listed in Table |. o
In a first test, we checked the reproducibility and the

v:k—z[([E] ot Skt Ko absolute values obtained fég,, and K5 from a fit of ex-
2 totinside totinside 1S perimental batch product concentration—time curves for a
- \/([E]tot,inside"‘[s]tot,inside+K§2_4[E]tot,inside[s]tot,insit(igr])' ?])_(6e(; fi\eAt (Sfcr?;;’]%rpr}e/p;?]dal:(;tliIZ;USSgSE?A(I:;_%z?;Z?fOns
Phe-pNA), see Table IAa. Fitting for all 5 measurements
Here, [Eloinside @Nd [Slotinside @re the total enzyme and gave values fork,,, between 33 and 4175 and for Kg
substrate concentrations inside the vesicles, respectively. between 35 and 43M. The mean values and standard
For this vesicle-bulk phase batch system the total amoundeviations for this set of measurements wefe:3 s* (k.,)
of product can be obtained at any time by the differencesaind 41 + 3uM (Kg). For a comparison between measured
between the initial substrate concentration and the substrat@lues and the corresponding fitted [product]-time curve,
concentration remaining in both phases at any time. Thigee Fig. 3.

gives In a next series of batch reactor measurements, the initial
Vi ad Shovinsige™ VousiadSlou concentration of substrate (again Suc-Ala-Ala-Pro-Phe-
[Ploveran=[Slo overati = —=2 “""”S'd\e/ outsidé Zoutside  pNA) was varied from 21 to 9gM with either 6.3 or 16.5
tot

®) nM «-chymotrypsin, and the corresponding [product]-time
curves were fitted with Eq. (5). The mean values and stan-

where [Plyeran @and [S] overan @re the overall concentration dard deviations obtained from these eight measurements

of one of the two products at timteand the concentration of were & + 5 s* and 44 + 15uM for k.., andKg, respec-

S att = 0, respectively. In the model used, the permeabilitytively, see Table IAb. These values were in good agreement

of the spectrophotometrically measured prodyet with those obtained from a classical Michaelis—Menten

nitroaniline was also considered, even though its permeabilanalysis from determinations of initial velocities at different
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Table I.
vesicles. Substrate (S): Suc-Ala-Ala-Pro-Phe-pNA.

Kinetic characterization ak-chymotrypsin in agueous solution at 25°C in the absence of

Keat (5_1) Ks ((Ky) (1M)

(A) Determination by dynamic simulation using Eq. (5) kinetics
(a) Enzyme and substrate concentrations fixedcliymotrypsink,
= 16.5 nv; [S]; = 123 uM; 0.1 M Tris/HCI, pH 8, 10 nM

CaCl,

Mean values and standard deviations from 5 measurements (as 37 + 3 41+3
shown in Fig. 3)
(b) Enzyme and substrate concentrations variedM.Tris/HCI, pH
8, 10 nM CacCl,; [a-chymotrypsin], either 6.3 or 16.5 M; [S],
= 21-98uM
Mean values and standard deviations from 8 measurements 35+5 44 +15
(B) Determination by using Eq. (2) and initial velocity data at differ-
ent substrate concentrations:-§hymotrypsin},, = 6.3 nM; 21
uM < [S], < 254 pM (8 concentrations); 0.M Tris/HCI, pH
8, 10mM CaCl,
Method
Lineweaver—Burk 28 34
Eadie—Hofstee 28 34
Hanes 29 40
Eisenthal and Cornish—Bowden 29 44
(C) Literature values
Conditions Kear (571 Ky (M) Reference
0.1 M Tris/HCI, pH 7.8, 10 iVl CaCl, 45 43 DelMar et al., 1979
0.1 M Tris/HCI, pH 8, 10 nM CaCl, 36 30 Bru and Walde, 1991
0.1 M Tris/HCI, pH 8 38 31 Mao and Walde, 1991

substrate concentrations (21-25oM), at a fixed amount of

we concluded that the general Eq. (5) can successfully be

a-chymotrypsin (6.3 M), and using one of the known applied for determining the characteristic parameters
graphical methods, see Table IB. For comparison, literaturand Kg (CKy,) for a-chymotrypsin from single measure-

values are listed in Table IC.

ments at known initial total substrate and total enzyme con-

From all the test measurements in the absence of vesicle&ntrations using amide and anilide substrates.

140 T T T T —
120+ 3
100+ 4
804 1

604 .

[p-nitroaniline] (uM)

0 100 200 300 400 500 600 700 800
time (s)

Figure 3. [Product]-time curve for the-chymotrypsin catalyzed hydro-
lysis of Suc-Ala-Ala-Pro-Phe-pNA in the absence of vesicles; [
chymotrypsin]= 16.5 M, [Suc-Ala-Ala-Pro-Phe-pNA] = 123 M, 0.1
M Tris/HCI, pH 8, 10 nM CaCl,, 25°C. The formation op-nitroaniline is

plotted as a function of reaction time. Filled squares are the experimental
points used for the simulation. The solid line is the calculated curve ob-

For Bz-Tyr-pNA hydrolysisk.,;andKg were determined
by fitting the mean of three batch product concentration—
time curves with Eq. (5), see Table Il. Differences in the
kinetic constants with respect to published values are most
likely due to considerable differences in the experimental
conditions used.

Characterization of
«a-Chymotrypsin-Containing Vesicles

Since the modeling of our kinetic measurements with the
vesicle system required the knowledge of vesicle size and
phospholipid and enzyme concentrations, we have carried
out a corresponding analysis of the reaction system, involv-
ing a variety of assumptions as outlined in the following.
The size of thex-chymotrypsin-containing vesicles was
determined by dynamic light scattering measurements at
different scattering angles. The hydrodynamic radirg) (
obtained at 60, 90, and 120° were 64.2 +0.7,63.6 + 0.7, and
62.6 + 1.0 nm, respectively. This insensitivity to the scat-
tering angle indicated that the vesicles prepared were rather
monodisperse, in analogy to what has been observed before

tained from the simulation with “ModelMaker” using Eq. (5). Results With similarly sized, extruded POPC vesicles in the absence

from the simultaneous fit foKg andk,; Ks = 42 uM; K, = 41 s

of a-chymotrypsin (Dorovska-Taran et al., 1996). Electron
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Table Il.  Kinetic characterization af-chymotrypsin in aqueous solution the absence of inhibitor showed that in our preparations

in the absence of vesicles; Substrate (S) is Bz-Tyr-pNA. only about 0.6% of the totak-chymotrypsin eluting with
(A) Determination by dynamic simulation, using Eq. (5) kinetics: the vesicles (pooled fractions of peak 1 in Fig. 2) was exo-
[a-chymotrypsinl, = 386 rM; [S], = 105 uM; 0.05M vesicular.
Tris/HCI, pH 8, 7% (v/v) dimethyl sulfoxide, 25°C The experimental data were fitted for one single param-
eter, P, the permeability coefficient of the sub-
Method L Ko([Kpn) (1M ' Bz-TyrpNA» ==
etho KealS7) LK) eM) strate, by using basically Eq. (6) and (7) and; 89 for Kg
Fit of a mean [product]-time curve (CKyy) and 0.17 s*for k., (Ck.,) (See Table l1A). The fitted
obtained from 3 measurements 0.17 69 curve is shown as solid line in Fig. 4. The agreement be-

tween the experimental values and the simulated curve was
excellent, and we obtained a value for the permeability co-
Conditions keaS™)  Km(pM) Reference efficient for Bz-Tyr-pNA Pg,.1yr-pna) With respect to the
POPC bilayer of 2.45 x 10 cm/s.

(B) Literature values

36 mM Tris/HCI, pH 8,
45 mM CaCl,, 9.7%
(v/v) acetone, 35°C 0.88 340 Bundy et al., 1963

micrographs obtained either by the freeze-fracture tech-
nique or by cryoimmobilization confirmed a rather narrow
size distribution (Fig. 4). Furthermore, most of the vesicles &=
appeared unilamellar in the electron micrographs; this is in
agreement with literature data reported for phosphatidylcho-
line vesicles extruded through polycarbonate membranes
with 100 nm pores (Mayer et al., 1986). For the modeling
described below, we have assumed unilamellarity and an
uniform spherical vesicle size with a constant outer radius £
of 63.5 nm as indicated in Table Ill, where additionally, the
concentrations of POPC ang-chymotrypsin are given. :
With the assumption that all enzyme molecules were |
equally distributed among all the vesicles, one can calculate §
that each vesicles contained 87 activehymotrypsin mol- ;
ecules. The calculated concentrationroe€hymotrypsin in-
side every vesicle was 14i{M, see Table Ill. With the
assumption that for Bz-Tyr-pNA hydrolysik,,; andKg for
a-chymotrypsin in the aqueous pool of the vesicles are the
same as the corresponding values in bulk buffer solution, we
proceeded to the computer modeling of the vesicular sys-
tem.

Dynamic Simulation of
a-Chymotrypsin-Catalyzed Batch Reactions in the
Vesicle System

The filled squares in Fig. 5 are experimental data obtained
from measurements in 50MvhTris/HCI buffer (pH 8) with
a-chymotrypsin-containing vesicles to which the substrate
Bz-Tyr-pNA initially only externally present. The condi-
tions of the experiment are listed in Table Ill. In order to
avoid any interference of the measurements with leaked
a-chymotrypsin or witha-chymotrypsin which could be
adsorbed onto the external surface of the vesiclesathe
chymotrypsin inhibitor protein BPTIN, O 6,500) was
added to an overall concentration of BM (Walde and (b)

Marzetta_’ 1998) ESt_ImatlonS from compa}ratlve deterr'nmaT:igure 4. Freeze—fracture (a) and cryoimmobilized (b) electron micro-
tions of initial velocity measurements with Suc-Ala-Ala- graphs of POPC vesicle preparations containing entrappetiymo-
Pro-Phe-pNA with and without 40 kh sodium cholate in  trypsin: Length of the bar, 100 nm.
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Table Ill.  Characteristic properties of thechymotrypsin-containing vesicle sample used in this

study?

[POPC] 86 .M
[a-Chymotrypsind,eran 56 M
Mean hydrodynamic vesicle radiuR,() 63.5 nm
Mean geometric vesicle radius usé®, (= R, — 1.9 nm) 61.6 nm
Number of POPC molecules per vesicle 132,600
Volume of one vesicle 9.8 x I m®
Percentage of volume trapped by the vesicles 0.038%
[Vesicle] 0.65™
Mean number ofx-chymotrypsin molecules per vesicle 87
[a'ChymOtrypSinlesicle interior — [O‘_ChymOtrypSianide 147uM
[BZ'Tyr'pNA]O,exovesicular= [BZ'Tyr'pNA]0,outside(:[BZ'Tyr'pNA]O,overal) 104”“M

aUnless otherwise indicated, all concentrations refer to overall concentrations as used in the kinetic
measurements which were modeled. For the calculations, monodispersity, unilamellarity and a
spherical vesicle shape were considered (see text). Furthermore, a bilayer thickness of 3.7 nm and a
mean POPC head group area of 0.7Znvare taken into account (Huang and Mason, 1978; Cornell
et al., 1980). The concentrations of the substrate (Bz-Tyr-pNA) are given=o0.

CONCLUDING REMARKS tion times required (e.g. at low enzyme concentrations or for
low k., or high K, values). Furthermore, the use of high
Apart from a few experimental papers (Madeira, 1977; Sadaypstrate concentrations may cause analytical problems
etal., 1988; Annesini et al., 1992; see also Walde, 1996) anfb g., high absorbance in the case of chromogenic substrates
a theoretical approach (Cioci and Lavecchia, 1993, 1995)gr products, respectively). Additionally, possible inhibitions
our modeling is a first attempt to quantify enzymatic reac-caused by high concentrations of reaction products which
tions occurring in the aqueous interior of vesicles. remain trapped inside the vesicles (e.g., charged products)
Although quite successfully applied in the present work,yere not included in the present treatment. This could, how-
one has to admit that one limitation in the use of singleeyer, in principle be done if required.
[product]-time curves for determining kinetic constants for  pespite these limitations, our modeling and parameter
enzyme-catalyzed reactions is the requirement of followingestimation procedure allowed not only the quantification of
the reaction until equilibrium (or almost equilibrium). This the substrate permeability in the vesicle system used, but
may not always be possible due to unreasonably high reagjso provided an insight into the changes of substrate con-
centrations inside and outside of the vesicles, as well as
changes in the concentration of the enzyme—substrate com-

100 " T 7 plex inside the vesicles ([EQliqo, See Fig. 6. All these
1 values would be rather difficult to determine experimen-
80+ . tally.
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Figure 5. [Product]-time curve for the-chymotrypsin catalyzed hydro-
lysis of Bz-Tyr-pNA added externally to POPC vesicles containing en- time (s)

trappeda-chymotrypsin. For the experimental conditions, see Table IIl.

The formation ofp-nitroaniline (measured overall) is plotted as a function Figure 6. Calculation of the concentration—time profiles for thechy-

of reaction time. Filled squares are the experimental points obtained in thenotrypsin-catalyzed hydrolysis of Bz-Tyr-pNA in the vesicular system.
presence of 5uM BPTI (overall) and used for the simulation. The con- Using the values obtained from the simulation of the experimemtal [
centration of dimethyl sulfoxide was 7% (v/v). The solid line is the fitted nitroanilinel,,4rtime curve (4), the following concentration—time pro-
curve obtained with “ModelMaker” and basically using Egs. (6) and (7). files were calculated: [Bz-Tyr-pNA] inside the vesicles (3), [Bz-Pyr-
Results from the fit for the substrate permeability coefficient ugjpgand nitroaniline] outside the vesicles (1), and the concentration of the enzyme—
Ks from Table IIA: Pg, 1y, ona = 2.45 % 107 cm/s. substrate complex, [ES], inside the vesicles (2).
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