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Papain—Collodion Membranes. II. Analysis of the Kinetic
Behavior of Enzymes Immobilized in Artificial Membranes"

Rachel Goldman, Ora Kedem, and Ephraim Katchalski

ABSTRACT: A theoretical treatment of the kinetic be-
havior of membranes with enzymic activity is presented.
It is based on the assumption that a stationary state is
attained within the membrane, and that the local con-
centrations of substrate and product are determined by
the rate of the catalytic reaction and by the rates of dif-
fusion of substrate and product. Two types of membrane
are discussed. The first is a one-layer enzyme-membrane
in which the enzyme is distributed homogeneously, and
the second type is a two-layer enzyme-membrane in
which one of the layers is devoid of enzyme. The mode
of action of a one-layer enzyme-membrane separating
two compartments of infinite volume (compartments 1
and 2) is analyzed for the following boundary conditions.
Case Ia: The concentrations of substrate and product
in compartment 1 exceed the corresponding concentra-
tions in compartment 2. Case Ib: Substrate is present
only in compartment 1, and both compartments are de-
void of product. Case Ic: Both compartments contain
the same concentrations of substrate and product. The
mode of action of a two-layer enzyme—-membrane sep-

’I:le understanding of the mode of action of enzymes
embedded in native membranes requires the establish-
ment of the correlation between enzyme activity and the
flow of substrate, determination of the concentrations
of substrate, product, and pH within the domain of the
membrane, estimation of the rate of flow of product out
of the membrane into the surrounding medium, and in-
vestigation of the effect of the structure of the membrane
on its mode of action. Evaluation of the contributions of
each of these parameters to enzyme activity in the orga-
nized cell structure is beyond the scope of available ex-
perimental techniques. Simple model systems in which
enzymes are embedded in well-characterized synthetic
membranes may be of use in the study of some of the
above parameters individually, and thus may give a bet-
ter insight into the factors governing the activity of en-
zymes in biological membranes. As a first attempt in
this direction several papain—collodion membranes were
prepared and their action on synthetic low molecular
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arating two compartments of infinite volume is analyzed
for a case (II) for which it is assumed that substrate is
present only in compartment 1, and that both compart-
ments are devoid of product. For all of the above cases
expressions are derived for the sum of flows of substrate
and product and the sum of substrate and product con-
centrations at any point in the membrane, With the as-
sumption that local reaction rates obey first-order ki-
netics, explicit expressions are derived for the separate
flows and concentration profiles of substrate and prod-
uct in the membrane. The over-all rate of the membrane
enzymic reaction is also evaluated. In case Ic an estimate
is made of the over-all rate of enzymic reaction for a more
general case in which the total enzymic reaction obeys
Michaelis—-Menten kinetics. A theoretical analysis is
also made for an enzyme-membrane catalyzing a reac-
tion in which acid is formed. The validity of some of the
conclusions drawn was ascertained experimentally for
papain—collodion membranes of different thickness
acting on benzoyl-L-argininamide, benzoyl-L-arginine
ethyl ester, and acetyl-L-glutamic acid diamide.

weight substrates was investigated (Goldman et al.,
1968). The pH-activity profiles of the papain-mem-
branes with various synthetic substrates differed
markedly from each other and from the corresponding
normal pH-activity curves for the native enzyme. These
differences could be accounted for qualitatively by the
assumption that the enzyme in the membrane acts in a
microenvironment different from that prevailing in the
external solution. The microenvironment within the
membrane is the result of a steady state which is rapidly
established in the membrane phase and is characterized
by a balance between the flows of substrate and the en-
zymic reaction. A characteristic pH gradient within the
enzyme-membrane was shown to form on enzymic hy-
drolysis of substrates, such as benzoyl-L-arginine ethyl
ester, which liberate hydrogen ions on hydrolysis.

In the present communication a theoretical analysis
of the kinetic behavior of artificial membranes with en-
zymic activity is given. The kinetic characteristics of a
one-layer enzyme-membrane, in which the embedded
enzyme is homogeneously distributed, and of a two-
layer enzyme—-membrane, consisting of a homogeneous
enzyme layer and an adjacent inert layer, was worked
out in detail. The membranes were assumed to be ex-
posed to different boundary conditions, i.e., to different
concentrations of substrate and product at their outer
surfaces. A theoretical study enabled deduction of the
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magnitude and direction of the flows of substrate and
product within the membrane. Furthermore, it was pos-
sible to derive the concentration profiles of substrate
and product within the membrane for the various cases
analyzed. Assuming first-order enzyme kinetics, we were
able to correlate the over-all rate of enzyme-membrane
reaction with the kinetic parameters of the enzyme-sub-
strate system, the thickness of the enzyme-membrane,
and the diffusion coefficient of the substrate within the
membrane. An explicit expression was derived for the
concentration gradient of hydrogen ions within a one-
layer papain-membrane acting on benzoyl-L-arginine
ethyl ester, Some of the theoretical results were con-
firmed experimentally for various papain-—collodion
membranes.

Kinetic Behavior of Membranes with Enzymic Activity.
A membrane with enzymic activity immersed in a solu-
tion containing substrate represents a well-defined phase
in a system consisting of the external solution and the
membrane. After equilibration the concentration of sub-
strate in the membrane equals that of the external solu-
tion, when the membrane has no enzymic activity and
when no other factors, such as electrostatic field and
specific adsorption, affect the substrate distribution be-
tween the two phases. The substrate concentration in a
membrane possessing enzymic activity, on the other
hand, differs from that of the external solution. The cat-
alytic reaction taking place in the membrane prevents
the establishment of equilibrium between internal and
external solutions and leads to the appearance of local
gradients in concentration of substrate and product.
It is these concentration gradients which determine the
rate and direction of flows of substrate and product into
and out of the membrane. Symmetry requires that the
flows of matter passing the membrane (J;) be perpen-
dicular to its surface, and that each of the Ji’s has the
same value at all points of the surface in a homogenous
membrane (i.e., a membrane possessing the same phys-
ical structure, and the same enzymic activity at each
volume element).

From the laws of nonequilibrium thermodynamics
(Prigogine, 1961; De Groot and Mazur, 1963) it can be
readily concluded that a reactive system containing a
membrane with enzymic activity immersed in a substrate
solution will attain a stationary state within a relatively
short time determined by the boundary conditions of
the system. The stationary state is characterized by the
equations (05/0¢), ,.. = 0 and (QP/d1), ., = 0, where
S and P denote the local concentrations of substrate and
of product in the membrane. The local concentrations
of substrate and product do not vary with time because
of two simultaneous processes acting in opposite direc-
tions at each volume element of the membrane. The dis-
appearance of substrate as a result of the enzymic reac-
tion is compensated by the net flow of substrate into the
volume element as a result of diffusion. On the other
hand, accumulation of product is counterbalanced by
the diffusion of product out of the volume element. As-
suming Fick’s law for the diffusion of substrateand prod-
uct, the relationship between the enzymic reaction and
diffusion process at the stationary state can be summa-
rized by eq 1 and 2, where f(S) denotes the local rate of
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enzymic reaction and D,’ and D,’ are the apparent dif-
fusion coefficients of substrate and product in the mem-
brane. Henceforth it will be assumed that both diffusion
coefficients are independent of substrate and product
concentrations, and that they remain constant through-
out the membrane phase. Summation of eq 1 and 2 and
integration with respect to x give

'C_l‘E+D'C_l_}3=

Ds
dx P dx

a 3)

where « is an integration constant. — D,(dS/dx) = J,
and — D,'(dP/dx) = J, represent the local flows of sub-
strate and product per centimeters squared of membrane,
respectively. Equation 3 thus shows that at the station-
ary state, the sum of flows of substrate and product is
independent of time, and is the same at any point of the
membrane. The relation between the local concentra-
tions of substrate and product is given by eq 4, derived
by integration of eq 3. The integration constants a and b
are determined, as usual, by the appropriate boundary
conditions.

D,'S + D,/P = ax + b 4)

The determination of the separate flows of substrate
and product at each point of the membrane, as well as
the evaluation of the substrate and product concentra-
tion profiles in the membrane phase, require the defini-
tion of the local rate of enzymic reaction, i.e., the defini-
tion ofthe function f(S). In most of the cases to be treated
below it will be assumed, for the sake of simplicity, that
the local rates of enzymic reaction obey first-order ki-
netics and thus are represented by eq 5

f(S) = kS )

where k is a first-order reaction rate constant. The re-
lation given by eq 5 holds for all enzymic reactions which
are fully described by the Michaelis-Menten equation
when the Michaelis constant, K.(app), markedly ex-
ceeds substrate concentration. Under these conditions

k = keEo/Ku (app) (6)

where E, denotes concentration of enzyme, and k.. Is
the turnover number,

In the following we will discuss in some detail the
mode of action of two types of membrane with enzymic
activity, The first consists of a one-layer enzyme-mem-
brane in which the enzyme is distributed homogeneously
throughout the membrane, and the second type consists
of a two-layer enzyme-membrane in which one of the
layers is devoid of enzyme. A system describing a one-
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FIGURE 1: Scheme describing a one-layer enzyme-membrane
of thickness /, separating the two compartments 1 and 2 each
containing the corresponding concentrations of substrate
(S) and product (P).

layer enzyme-membrane separating two compartments
of infinite volume, containing well-stirred solutions of
substrate and product, is given in Figure 1. A system de-
scribing a two-layer enzyme-membrane is given in Fig-
ure 2. The mode of action of a one-layer enzyme-mem-
brane in a system of the type represented by Figure 1
was analyzed for three different boundary conditions.
(Ia) The concentrations of substrate and product in com-
partment 1 exceed the corresponding concentrations in
compartment 2, i.e., S; > S.and P; > P,. (Ib) Substrate
is present only in compartment 1, and both compart-
ments are devoid of product, i.e., S1 # 0 and S, = P,
= P, = 0. (Ic) Both compartments containthesamecon-
centrations of substrate and product, ie., Sy = S; =
Soand P, = P, = P;. The mode of action of a two-layer
enzyme-membrane in a system of the type represented
by Figure 2 was analyzed for a case (II) for which it had
been assumed that substrate is present only in compart-
ment 1, and that both compartments are devoid of prod-
uct. The boundary conditions for this case are thus sim-
ilar to those assumed for case Ib. For all of the above
cases expressions were derived for the sum of flows of
substrate and product (J; + J,) and the sum of substrate
and product concentrations (S + P) at any point in the
membrane. By assuming that local reaction rates obey
first-order kinetics we derived explicit expressions for
the separate flows and concentration profiles of sub-
strate and product in the membrane. The over-all rate
of the membrane enzymic reaction was also evaluated.
In case Ic an estimate was made of the over-all rate of
enzymic reaction for a more general case in which the
local enzymic reaction obeys Michaelis—-Menten kinetics.

Cask Ia. ONE-LAYER ENZYME-MEMBRANE UNDER ASYM-
METRIC BOUNDARY CONDITIONS : S; > S5, P1 > P; (SEEFIG-
URE 1). The integration constants a and b appearing in
eq 4 are given in the present case by

b= DS + D,/’P, (Ta)
a = D,)(S; — S/l + D,'(P, — Pyl (7b)

where / denotes the thickness of the membrane. The sum
of flows of substrate and product (J. + J,) at any point
of the enzymically active membrane in the stationary
state is given by —a (see eq 3); eq 7b thus shows that
Js + J, equals the sum of the diffusion flows of substrate
and product in a membrane identical in all respects with
the active one but devoid of enzymic activity. It should
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FIGURE 2: Scheme describing a two-layer enzyme membrane
of thickness / + d, separating the two compartments 1 and
2, each containing the corresponding concentrations of sub-
strate (S) and product (P). The two-layer enzyme membrane
consists of an enzyme layer of thickness /, and an inert layer
void of enzymic activity of thickness 4. S’ and P’ denote the
concentration of substrate and product, respectively, at the
interface, x = /, between the two layers,

be noted, however, that whereas in an enzymically in-
active membrane constant concentration gradients of
substrate and product will prevail throughout the mem-
brane, in the system under discussion, in an enzymically
active membrane, the absolute value as well as the di-
rection of substrate and product concentration gradient
will vary along the membrane, both being determined
by the external boundary conditions as well as by the
local rates of enzymic reaction. In the special case when
D,” = D,’ the sum of substrate and product concentra-
tions (S + P) at each point of the enzymically active
membrane equals the respective sum in a similar mem-
brane which is devoid of enzymic activity.

Substitution for f(S) in eq 1 by the first-order reaction
rate equation, eq 5, yields a second-order differential
equation, the solution of which is

S = A exp(ax) + B exp(— ax) (®)

where « is defined by eq 9
a = (k/D)')" ®)
and 4 and B are the two integration constants, which
can be evaluated by eq 8 with the boundary conditions

specified for the case under discussion.

S, — S1 exp(—al)
exp(al) — exp(—al)

A=

(10)
S+ 5 CXp(Oél)
exp(al) — exp(—al)

The explicit dependence of the local substrate concen-
tration in the membrane upon «, x, and /, is thus given by

_ Sy sinh o/ — x) + S sinh (ax)

S ;
sinh (af)

an

The flow of substrate at any point x is determined by
the corresponding substrate concentration gradient

QS_ __ afS; cosh (ax) — S cosh o/ — x)]
dy sinh (af) a2

The substrate concentration gradient is negative and
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FIGURE 3: Variation with o/ of the ratio of flow of product
from an enzyme membrane into compartment 1, —D,”
(dP)/dx)e, to the flow of product into compartment 2,
Dy (dP/dx);. Curve 1: calculated values derived for a one-
layer enzyme-membrane exposed to the boundary conditions
specified in case Ib (see eq 21). Curve 2: calculated values
derived for a two-layer enzyme—-membrane exposed to the
boundary conditions specified in case II (see eq 46).

the direction of flow of substrate is positive at x = 0,
since S1 > S.. The direction of flow of substrate at x = /,
however, is determined by the value of «/. When S; cosh
(al) < S the direction of flow of substrate is positive,
but when S: cosh (af) > S; the direction of substrate
flow is negative. The ratio of substrate flowat x = 0 to
that at x = /is symmetric with respect to S; and S, and
equals 1 when S; = S,.

The over-all rate of substrate consumption, or prod-
uct formation, per centimeter squared, of membrane
(¥) is given by

Ve Jo—J, = aDJS(S, + ..S‘Q)[COSh (al) — 1] 13)
sinh (af)

where J,° and J, are the flows of substrate at x = 0 and
x = [, respectively.

The concentration of product (P) and the concentra-
tion gradient dP/dx, prevailing at any given point of the
membrane, can be readily derived from eq 3, 4, 7, 11,
and 12.

P _ Ds'[Sl sinh o/ — x) 4+ S, sinh (ax)jl T

D,’ sinh (af)
[DS/(S: — S1) + DJ/(Py — P)x + D/'S,

P (14
DLl D, + P (19

dP az)s'[s2 cosh (ax) — S cosh a(/ — x)
d« D, sinh (af) } +
D.'(S: — S1) + D,'(P, — P)

D'l

(15)

Case Ib. ONE-LAYER ENZYME~-MEMBRANE UNDER
BOUNDARY CONDITIONS: S; % 0, S; = P, = P, = 0. The
sum of flows of substrate and product at any point of
the membrane is given in this case by eq 16 derived from
eq 7b and 3. The flow of product at x = / in an en-

Jo+ Jy = =D/l (16)
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FIGURE 4: Variation with o/ of the fraction of the flow of
product into compartment 2 (J,!) out of the total flow of
product and substrate (J,! + J,%) into the same compartment.
The calculated values given were derived from eq 22 for a
one-layer enzyme-membrane exposed to the asymmetric
boundary conditions specified for case Ib.

zymically active membrane thus cannot exceed the flow
of substrate in an identical membrane which is devoid of
enzymic activity. In the system under investigation sub-
strate flows unidirectionally, via the membrane, from
compartment 1 toward compartment 2; the flow of
product, on the other hand, varies in direction, product
being liberated from the membrane into both compart-
ments.

Inserting the new boundary conditions into eq 11, 12,
14, and 15 one obtains for S, dS/dx, P, and dP/dx, the
expressions

_ Susinh o/ — x)

17
sinh (af) an
d_S _ _aS cosh ol — x) (18)
dx sinh (af)
D/'S)| sinh o/ — x)  x
P=- Z-1 19
Dp'[ sinh (af) + { } 19

dP _ D/Si[ acosh ol — x) 1
— = : - - (20)
dx D, | sinh(al) !

The ratio of flow of product at x = 0, J,%, to that at x
= [, J,, can be derived from eq 20.

()
’ P dXo dx,

al cosh (af) — sinh («f)
al — sinh (af)

21

Equation 21 shows that the ratio J,°/J,' is determined en-
tirely by theactivity oftheenzyme embedded in the mem-
brane, and by the physical parameters of the latter (D,’
and /), but is independent of the concentration of sub-
strate in compartment 1 (S:). The dependence of J,°/J,}
on o/ is given in Figure 3. When o/ — 0 1,0/, — 2, i.e.,
the flow of product into compartment 1 is twicé its flow
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FIGURE 5: Calculated concentration profiles for substrate
and product in a one-layer enzyme-membrane exposed to the
asymmetric boundary conditions specified for case Ib. The
local concentration of substrate (S) was calculated by making
use of eq 17; the local concentration of product (P) was
calculated with the aid of eq 19 assuming D,’ = D,’. The
arbitrary «/ values chosen for the different curves presented
are specified on the curves. The local concentrations of sub-
strate and product within the membrane are expressed as
fractions of the concentration of substrate (S;) at x = 0.

into compartment 2 even when the enzymic activity of
the membrane is very low. When o/ is large (ol 2 4),
’Jp"/Jpl[ = al —1, i.e., the flow of product into compart-
ment 1 markedly exceeds that into compartment 2. Thus
when a solution of substrate is enclosed in a membrane
bag of high enzymic activity, practically all of the prod-
uct formed enzymically will flow into and accumulate
in the bag.

An analysis of the flow of material into compartment
2 yields eq 22 which is graphically represented in Fig-
ure 4.

sinh (aQ — af
sinh (af)

L+ I = (22)

The calculated data given show that practically all of
the flux of material into compartment 2 consists of prod-
uct when o/ 2 7. The latter condition can be attained
either by increasing « or by increasing the thickness of
the membrane (/).

The total reaction rate (V) of a membrane with en-
zymic activity exposed to the boundary conditions under
discussion is given by the difference between the flows of
substrate at x = 0 and x = /, or by the sum of flows of
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FIGURE 6: Calculated concentration profiles for substrate
and product in a one-layer enzyme-membrane exposed to
the symmetric boundary conditions specified for case Ic.
The local concentration of substrate (S) was calculated with
the aid of eq 26 assuming D’ = D,’ and P, = 0. The arbi-
trary o/ values chosen for the different curves presented are
specified on the curves. The local concentrations of sub-
strate and product within the membrane are expressed as
fractions of thé concentration of substrate at the external
solution (So).

product out of the membrane at its outer edges

V=UJl—J0=J0—J} =
aS;D,/[cosh (af) — 1]
sinh (/)

(23)

The substrate and product concentration profiles in an
enzymically active membrane, at the boundary con-
ditions specified for case Ib, are given in Figure 5. In
calculating the curves given for different «/ values it was
assumed that the diffusion coefficients of substrate and
product are the same, i.e., D,’ = D,’. The profiles given
for the substrate concentration reveal that at any given
value of x, S decreases markedly on increasing o/. It
may thus be implied that on increasing o/ the thickness
of the enzyme layer participating in the catalytic reac-
tion decreases, whereas the thickness of the layer devoid
of substrate increases. The product concentration pr--
file passes through a maximum value whose coordinate;
are determined by «/. An increase in «/ leads to a con-
comitant increase in the value of Pu.x and a decrease in
the value of x at which P..x appears.

In this connection it is pertinent to recall the findings
of Doscher and Richards (1963) who observed that the
catalytic activity toward pyrimidine nucleoside 2’,3'-
cyclic phosphates of crystalline suspensions of ribonu-
clease-S is markedly lower than expected. This was ex-
plained by the assumption that because of the high en-
zyme activity only a thin layer near the surface of the
enzyme crystal has the opportunity to react with sub-
strate whereas the rest of the crystal is devoid of sub-
strate.

Cask Ic. ONE-LAYER ENZYME-MEMBRANE EXPOSED TO
THE SYMMETRIC BOUNDARY CONDITIONS: S1 = S; = Sy,
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P, = P, = P,. The sum of flows of substrate and product
(J. + J,) at any point of the enzymically active mem-
brane equals zero in the present case, since the constant
a appearing in eq 7b equals zero. The flows J; and J,
thus have the same absolute value but are opposite in
direction. Because of the symmetric boundary condi-
tions J, = 0 and J, = 0 at the midpoint of the membrane,
ie.,atx = 1[j2.

Inserting the above specified boundary conditions
into eq 11 and 12, one obtains for S and (dS/dx) the ex-
pressions

_ Ssinh (ax) + sinh a(/ — x)}

sinh (af) @

g§ _ aSicosh (ax) — cosh a(l — x)]
dx sinh (o)

(25)

Figure 6 gives the calculated concentration profiles of
substrate and product in an enzymically active mem-
brane for different o/ values, assuming D, = D,’ and
Py = 0. The values of S were calculated with the aid of
eq 24, whereas those of P were derived from the relation
given in eq 26. The latter equation was obtained from
eq 4 for the case under discussion.

S+P=3S (26)

The profiles given show that at the midpoint of the mem-
brane substrate concentration approaches zero, whereas
product concentration approaches S, as o/ increases
from 1.5 to 10. The concentration of substrate decreases
gradually toward the inner parts of the membrane for
any given value of o/, and reaches minimum at x/l =
0.5. The calculations further show that for membranes
with high enzymic activity, when o/ > 6, the volume
fraction of the membrane which participates in the en-
zymic reaction decreased on increasing the specific ac-
tivity () of the membrane. This is because the middle
portion of membranes with high enzymic activity is de-
void of substrate, and because the width of the middle
portions increases on increasing «.

The over-all rate of reaction of the enzyme membrane
(V) in the system Ic equals, in the stationary state, the
sum of flows of substrate into the membrane at both its
outer edges. Since the membrane is symmetric J® =
—Jand Vis given by

2a8¢D,"[cosh (al) — 1]

V=2>"= :
sinh (af)

@n

The over-all rate in this case equals twice that derived
for case Ib (see eq 23). This is so because the concen-
tration profile of the symmetric case Ic is a superposi-
tion of two substrate concentration profiles of the asym-
metric case Ib, the one prevailing in a system in which
the substrate is located only in compartment 1, the other
prevailing in a system in which the same substrate con-
centration is located only in compartment 2. At high o/
values (a/ > 4), eq 27 reduces to

V = ZDS,CZSQ (28)

KINETIC BEHAVIOR OF MEMBRANES WITH ENZYMIC ACTIVITY

The over-all reaction rate of a membrane with high en-
zymic activity is thus independent of the thickness of
the enzyme layer, and is directly proportional to the ex-
ternal concentration of substrate.

At this stage it seems worthwhile to compare the over-
all rate of reaction of an enzyme-membrane with that
of an equal amount of soluble enzyme, both acting on
substrate at concentration So. The reaction rate for the
soluble enzyme (V) is

Vo = kIS, (29)

The ratio V/V,, denoted by f, is obtained from eq 27 and
29

2[cosh (af) — 1]

f=ViVo = = i inh (oD

(30

The calculated dependence of f upon «/ for a wide range
of «l values is given in Figure 7. The calculated values
presented show that f decreases markedly on increasing
al. At very low of values (f - 1) the bound enzyme of
the membrane shows the same activity as an equal
amount of soluble enzyme.

A similar treatment was used to characterize hetero-
geneous catalysis by inorganic and organic porous cat-
alysts which proceeds by first-order kinetics (Thiele,
1939; Wheeler, 1951; Helfferich, 1962). The ‘“‘degree of
catalyst utilization,” a variable analogous to f, was found
to depend upon the “Thiele modulus,” a variable anal-
ogous to a.

Above we have calculated the over-all rate of reac-
tion of an enzymically active membrane in which the
local enzymic activity can be described by a first-order
reaction with respect to substrate, i.e., f(S) = kS. Let
us turn to a more general case in which f(S) is given by
the Michaelis~Menten equation (Michaelis and Menten,
1913; Laidler, 1938), i.e., f(S) = KkeaEoS/(Ku(app) +
S). For the stationary state eq 1 gives

2
B,CE — kcatEOS (31)
dx?  Kuapp) + S
Denoting dS/dx by ¥ sothat d25/dx? = d¥Y/dx = YdY/
dS, one can rewrite eq 31 in the form

CSds
Ydy = ——~ 32
2(Kwn(app) + S) (32)

where C = 2k..Eo/D,’. Because of symmetry require-
ments the concentration gradient of substrate at the mid-
point of the membrane equals zero, (dS/dx) = Y. = 0.
Integration of eq 32 between any given point (x) in the
membrane and the midpoint (//2) thus yields for the con-
centration gradient

as _
dx
Kw(app) + S’

‘/'J
{C[(S — 8 + Ku(app) In m:‘} (33) 4523
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FIGURE 7: Variation with o/ of the ratio of the rate of enzymic
reaction (V) of a one-layer enzyme-membrane exposed to
the boundary conditions specified for case Ic, to the rate of
enzymic reaction (V) of a soluble native enzyme, in an
amount equal to that present within the membrane, when
exposed to similar conditions. The curve presented was cal-
culated with the aid of eq 30.

where S’ is the substrate concentration at x = //2. The
explicit dependence of substrate concentration S upon
x cannot be derived readily from eq 33. One can ob-
tain, however, from the numerical integration of eq 34,
derived from eq 33, the relation between S’ and //2 for
any given value of S,.

5
C-‘/ﬂf [s o
Se

Ko(app) + S’

K.(a In
(2pp) Kn(app) + §

—1/s
] ds = 12 (34)

Numerical evaluation of S’ for any given membrane of
thickness /, immersed in a solution of substrate at a con-
centration S,, allows calculation of the over-all rate of
enzymic reaction.

V = —2D5’<d—s> = _{BDs/kcuLEO X
0

dx

, K.(app) + S’:I]f‘/'l i
So — §' + K In —=SER/ T2 35
[ 0 + Ku(app) In Ko(app) + ol (35)

To illustrate the dependence of V" upon So and /, ¥
was calculated from eq 35 for a papain-membrane acting
on benzoyl-L-argininamide. The parameters D,’, /, and
E,, which characterize the papain-membrane, are those
of the papain—collodion membranes described previously
(Goldman er al., 1968). The catalytic parameters k.a;
and Ku(app) for the papain-benzoyl-L-argininamide
system were taken from the literature (Whitaker and
Bender, 1965).

The data presented in Figure 8 for papain—membranes
differing in their thickness, /, show that for any given
value of Sy, V reaches a limiting maximum value on in-
creasing /. This is obviously due to the fact that the con-
centration of substrate drops to zero at the inner layers
of the enzyme-membranes. Curves 1, 2, and 3 show that
for the concentrations of substrate S, = 0.002, 0.016,
and 0.32 M, limiting values of ¥ are attained at the cor-
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FIGURE 8: The over-all rate of hydrolysis of benzyl-L-arginin-
amide (V) by a one-layer papain-membrane as a function of
its thickness. ¥ was calculated with the aid of eq 33, assum-
ing ke = 8.7 sec™!, Kn(app) = 0.032 M (Whitaker and Ben-
der, 1965),and concentration of enzyme within the membrane,
Ey, = 1.4 mm (see Table I1). The values of S’ were calculated
with the aid of eq 34. Curves 1, 2, and 3 were derived for the
external concentration of benzyl-L-argininamide (So) of
0.002, 0.016, and 0.320 wm, respectively, assuming D’ = 3 X
108 cm? sec™!, Curves 4 and 5 were calculated for values of
So of 0.008 and 0.640 M, respectively, assuming D, = 3 X
1077 ¢m? sec™!.

responding values of //2 = 50, 75, and 170 u. A decrease
in the apparent diffusion coefficient of the substrate in
the membrane (D,”) by a factor of 10 (compare curves
1 and 4, and 3 and 5) lowers the over-all rate of membrane
activity and decreases the thickness of the enzyme—mem-
brane layer which actually participates in the catalytic
reaction.

The variation of the over-all rate of reaction (}) with
substrate concentration (S,) for two hypothetical papain
membranes of thickness 100 and 200 wu, acting on
benzoyl-L-argininamide, is given in Figure 9. The cor-
responding rates of reaction of native papain are given
for comparison. The rates given were normalized with
respect to the rate calculated for the native enzyme and
for both of the membranes at a substrate concentration
of S¢ = 10K.(app). It should be noted that where-
as native papain reaches maximum activity (Fmay)
at So¢ = 10K.(app) = 0.32 M, both membranes reach
Vmas Only at higher substrate concentration. Maximum
activity of an enzyme-membrane might be expected at
substrate concentrations (So) at which the concentra-
tion of substrate at the midpoint of the membrane (S')
approaches 10K, (app). The calculated data presented
in Figure 9 show clearly that the Michaelis constant of
an enzyme embedded in a membrane cannot be derived
from the regular plot of ¥ vs. So.

Caste I, TWO-LAYER ENZYME-MEMBRANE EXPOSED TO
ASYMMETRIC BOUNDARY CONDITIONS: S; % 0, S, = P; =
P, = 0. An estimate of the sum of flows of substrate and
product at x = / 4 d (see Figure 2) requires the deter-
mination of the relation between S; and the concentra-
tions of substrate and product at x = /, S;, and P, re-
spectively. The sum of flows of substrate and product
(J, + Jp) at x = [is given by the left-hand side of eq 36
derived from eq 3 and eq 4. J, + J, at x = [ equals the
sum of flows of substrate and product at x = / 4+ d, the
latter being given by the right-hand side of eq 36, where
D,’" and D,’’ denote the apparent diffusion coefficients
of substrate and product in the inert layer.
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[D.(S: — S — Dy'Pifl = (DJ"'S; + Dy""P)jd  (36)

Equation 36 can be rewritten in the following form
demonstrating the correlation between S, P, and S,.

S(D//l + D,/ "{dy + P, (D] +
D, {d)y = D,’Si/l (37)

In an enzymically inactive two-layer membrane sim-
ilar to the one under discussion, eq 38 holds at the sta-
tionary state, where S* is the substrate concentration at
x =1/l

~DJ(S* — S/l = D,''S*/d (38)

S* = D,/’SYID./|l + DJ/'/d) (38a)
Comparison of eq 37 with eq 38a shows that

S*=S+P (39

when D.’ = D,”and D' = D,’”’. Consequently, one
may expect that the sum of flows of substrate and prod-
uct in an enzymically active two-layer membrane will
equal the fiow of substrate in a corresponding enzy-
mically inactive system.

If the local activity of the enzyme in the two-layer en-
zyme-membrane obeys first-order kinetics, the concen-
tration gradient of substrate at any point of the enzyme
layer can be derived from eq 12 by substitution of .S; for
S.. The flow of substrate (J.)) at x = /is given by eq 40
in which a substrate gradient of S;/d was assumed to
prevail in the inert part of the two-layer enzyme mem-
brane.

J, = —Ds'<dis> = D,"'S,/d (40)
1

X

From eq 12 and 40 one obtains eq 41a and 41b for the
concentration gradients of substrate at the outer edges
of the enzyme layer.

<dS> - OtS1
=] = ‘ (41a)
dx/; (adD,’/D,”’) cosh (af) + sinh (af)
(cLS> -
dX 0
—aSi[(edD,'/D,’") sinh (af) + cosh (al)] 1b)

(adD,’/D,’’) cosh (af) + sinh (af)

The last two equations lead to an expression for the
over-all rate of reaction of the enzymically active two-
layer membrane

o) () -
dx 1 dx [

aS10.'[(adD,’/D,'") sinh (al) + cosh (af) — 1] @2)
(adD,’/D.’") cosh (af) + sinh (af)

10 Ko, (app)

V/Vg,

L \ |

0.05 0l0 0I5 020 025 030

Se (M)

FIGURE 9: Rates of hydrolysis of benzyl-L-argininamide (V) by
native papain (curve 1), or by one-layer papain—membranes
100 and 200  thick (curves 2 and 3, respectively), as a func-
tion of external substrate concentration (Sp). S’ and ¥V were
calculated with the aid of eq 34 and 35, respectively. V for
soluble papain was calculated from the Michaelis-Menten
equation. The constants used for the calculated data are given
in the legend for Figure 7. D,’ was taken as 3 X 107% cm?
sec”!, The calculated results were normalized by using the
corresponding rates of hydrolysis at Sy, = 10Kn(app) as
reference.

When the enzymic activity of the membrane is low, i.e.,
when o/ < 4 and D,’/l = D'’./d, the over-all rate of
reaction of the two-layer enzyme-membrane is higher
than the corresponding value for a one-layer enzyme-
membrane of thickness /. For example, when of = 1, V'
of the two-layer enzyme-membrane exceeds the over-
all rate of the corresponding one-layer enzyme-mem-
brane by a factor of 1.4. This is explained by the fact
that the over-all concentration of substrate in the en-
zymic section of a two-layer enzyme-membrane is
higher than its over-all concentration in a similar one-
layer membrane, since S; # 0in the former case, where-
as §; = 0in the latter case (see case Ib). The inert layer
thus seems to enhance in the present case the enzymic
activity of the enzyme layer. For high values of «, i.e.,
when o/ >> 4, eq 42 reduces to eq 43, and the over-all
rate of reaction is first order with respect to substrate
and is independent of the thickness of the enzyme layer.

V = ab,'S, 43)

The same result was obtained for the over-all rate of re-
action of a one-layer enzyme membrane in which of >>
4 (see eq 23 derived for case Ib).

The concentration gradient of product at any point
of the enzyme layer can be derived from eq 15 by sub-
stitution of P, for P.. The flow of product (J,) at x =
/ is given by eq 44 in which a product gradient of P;/d
was assumed to prevail in the inert part of the two-layer
enzyme-membrane.

dP
Jp = —Dp’<a> = D,""Pyjd (44)
14

From eq 15 and 44 one obtains eq 45a and 45b for the
concentration gradients of product at the outer edges of
the enzyme layer.
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ar\ _ aS: _
dx/; (adD,'/D'’) cosh (al) + sinh (af)
M

e (45a)
I(Ds'd/ D'l + 1]

aSi[(adD.’/D,"") sinh (af) + cosh (al)]
(adD,'{D,"") cosh (al) + sinh (af)

dPy
dx 0
Si

Ol (45b)
I(D'd/D,""]) + 1]

From eq 45a and 45b the ratio of the flow of product
at x = 0 to that at x = /, in a two-layer enzyme-mem-
brane in which D'/l = D,''/d, is

[2(a])? — 1] sinh (af) + «l cosh (af)
2al — sinh (al) — &l cosh (af)

Ty = (46)

The calculated values for J,9/J, as a function of a/ are
given in Figure 3. ]Jpo/Jpl’ approaches a value of 3.5 as
al = 0. Curve 2 of Figure 3 shows that in a two-layer
enzyme-membrane of high enzymic activity («/ > 6)
most of the product flows into compartment 1. The in-
ert layer thus acts as a barrier for the product produced
within the enzymically active layer of the membrane.

Enzyme MembranesWhich Catalyze Reactions inWhich
Acid Is Produced. In the previous section it has been
tacitly assumed that the inner pH of the membrane is
constant, and equals the pH of the external solutions
in compartments 1 and 2. In the following section a the-
oretical analysis will be given for an enzyme-membrane
catalyzing a reaction in which acid is formed. It will be
shown that, in such a case, the pH varies across the mem-
brane, and the over-all rate of reaction is determined
not only by the parameters discussed above but also by
the local hydrogen ion concentration at each infinites-
imal layer of membrane. A general derivation of the
over-all rate of reaction of an enzyme-membrane
producing hydrogen ions as a result of the enzymic re-
action is difficult because of the different dependence
upon pH of the characteristic catalytic constants of the
various enzymes. In the following we choose to study
theoretically the mode of action of a papain—-membrane
acting on benzoyl-L-arginine ethyl ester hydrochloride.
The treatment given can be applied to other enzyme
membranes as well. The papain-membrane-benzoyl-
L-arginine ethyl ester system was chosen for the follow-
ing reasons. (a) The variation with pH of the kinetic
parameters of the hydrolysis of benzoyl-L-arginine ethyl
ester by papain has been thoroughly investigated (Whit-
aker and Bender, 1965). (b) A set of papain-membranes
is available for which the parameters D,’, D,’, and E,
have been evaluated. (c) In papain—collodion membranes
acting on benzoyl-L-arginine ethyl ester the pH of the
membranes is considerably lower than that of the ex-
ternal solution (Goldman er al., 1965, 1968).

For the sake of simplicity only a case similar to case
Ic will be discussed. For this case it will be assumed (a)
that the papain—membrane-benzoyl-L-arginine ethyl
ester system is at a stationary state; (b) that the catalytic
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parameters of the enzyme embedded in the membrane
are the same as those of the native enzyme; (c) that the
external pH in compartments 1 and 2 is held constant
at pH 7.0; and (d) that for each mole of ester hydrolyzed,
1 mole of a fully dissociated acid is formed. The stoi-
chiometry of the hydrolysis is given by

L. papain
benzoyl-L-arginine ethyl ester ———>

BA* + H* + CI- + GH;OH

where BA* denotes benzoylarginine; (e) there is no
product inhibition in the pH range prevailing in the mem-
brane. In view of these assumptions we shall identify
the concentration of product (P) with the concentra-
tion of hydrogen ions (H¥), and the flow of product (J,)
with the flow of hydrogen ions (Jx +).

The dependence on pH of the catalytic parameters of
the hydrolysis of benzoyl-L-arginine ethyl ester by pa-
pain is given according to Whitaker and Bender (1965)
by eq 47 in which &, denotes the rate constant for acyla-

kcat - ﬁz - k2(hm)
Kx(app) K. (1 4+ (HY)/K: + K/(HD))K.

@én

tion of the enzyme, and K; and K, are the two ionization
constants of the ionizable groups of the enzyme-sub-
strate complex participating in this step. k»(lim) is the
maximum value of k, reached at neutral pH and K, is
the association constant of the enzyme-substrate com-
plex. At neutral or acid pH values K,/(H*) can be ne-
glected in comparison to 1 + (H")/K,. f(S) thus assumes
the following form

ky(lim)E,S
(I + P/K)[1 + S/K=(app)lK.

f(S) = (48)

The second derivative of P with x as a function of P and
Sy is obtained on inserting eq 48 into eq 2 and substitut-
ing for S the corresponding value of P (P = D.'(S,
— S)/D,’) derived from eq 4 assuming P, = 0. This as-
sumption is justified since the hydrogen ion concentra-
tion, even at the outer edges of the membrane, is con-
siderably higher than that in the substrate solution.

d*P _ MI[(Di'So/Dy') — P]
dx? (K. + PN + D,'P)

(49)

In eq 49 the constants M = ko(lim)E.K,K(app)/K. and
N = —DJ/(Kn(app) + So). Denoting dP/dx by Z, so
that d?*P/dx? = dZ/dx = Z(dz/dP), eq 49 can be
rewritten in the form

_ MI(D/'Sy/Dy’) — PldP

ZdZ =
(K + P)YN + D;'P)

(50)

Integration of the left-hand side of eq 50 with respect
to Z, between Z at any given point x and Z at the mid-
point of the membrane (//2), where Z,; = 0, and inte-
gration of the right-hand side of the equation with re-
spect to P, within the limits of P at x to P’ at //2, gives
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FIGURE 10: Calculated values for the 3.28 *00CSM T sai0”?
concentration of product (P’) at the
midpoint of a one-layer papain-mem- 350
brane acting on benzoyl-L-arginine ethyl ars
ester as a function of the thickness of
the membrane, /. The different values of 4.00 =107
P’ were calculated with the aid of eq 52 1 _
for several external concentrations of 425 Jsuo® T
substrate (S,), assuming K, = 0.055 M, 4 E
K = 513 X 10 M, k(lim) = 65 g 450 4 E
sec™!, Km(app) = 0.014 m (Whitaker © 475 | 4 =
and Bender, 1965), E, = 1.45 mM, ’ L3
D, = 3 X 107¢ cm? sec™!, and Dy’ = 500 ~{1x1078
15 X 10-% cm? sec™! (Goldman et al., 3
1968). The arrow heads denote the values 525 Jsu0?
of P'max defined in eq 53. A logarithmic 550 1
scale was used for the ordinate, The " 7
ordinate on the right gives the values of 575 ¥ 4
P’, whereas that on the left gives the 1 1
corresponding values in pH units. 6.00 : ; s " 1xi0?
1/2 (x10%m)
dP 2M D./’K(app) . N <+ D,P’ So. Because of the relatively low pH values within the
dx  \KD. — N| D In N + D,/'P + domain of the various hypothetical papain-membranes
’ DS ? K+ PN acting on benzoyl-L-arginine ethyl ester, relatively low
20 LK) In = 23] over-all enzymic activities of the membrane should be
D,’ K + P . .
» ! expected, even when the inner concentration of substrate

In order to obtain an explicit expression for P as a func-
tion of x, one has to integrate eq 51. Since a complicated
expression might be expected, we have limited our der-
ivation to a numerical integration of eq 51 in the limits
of x = 0 and x = //2, in order to obtain the relation be-
tween P’ and //2. The values of //2 given in Figure 10
were computed for the corresponding arbitrarily chosen
values of P’ with the aid of eq 52. It should be noted that
N+ D,/P’

—~1/y AP’ ’
2M f D,'K(app) In / +
KD,/ - N Po D,’ N + D,’P

D.'S, K 4 P~
K )1 dp = 2 (52
(D;-+ J nK}+P} 12 (52)

the values of P’ in eq 51 may vary within the limits of
P, to P'(max). P’'(max) corresponds to S’ = 0, and is
given by eq 53 which has been derived from eq 4 using
the appropriate boundary conditions.

P'(max) = D,'So/D,’ (53

The variation of P’ with //2 for various values of Sy is
illustrated in Figure 10. The curves presented show that
at the constant external substrate concentrations spec-
ified, the inner pH of the hypothetical papain-mem-
branes drops markedly as the thickness of the membrane
(D) is increased from 0 to 1 to 2 u. Further increase in /
leads only to a moderate decrease in pH. The leveling
off of the inner pH with / is the result of the decrease in
substrate concentration in the inner layers of the mem-
brane, as well as the concomitant drop in enzymic ac-
tivity as the result of the low pH. It should be noted that
the lowest pH values reached, at any given S, cor-
respond to P’(max) which is directly proportional to

does not limit the rate of reaction.

The treatment given above holds strictly for a papain—
membrane acting on benzoyl-L-arginine ethyl ester only
when the inner pH of the membrane does not drop
below pH 4.0. At pH values below 4.0 one cannot as-
sume that the amount of hydrogen ions liberated by the
enzymic reaction equals the amount of product, ben-
zoylarginine, formed since the pK of the «-carboxyl
group of the latter is 3.24 (Whitaker and Bender, 1965).
Benzoylarginine is a buffer in the pH range of 3.24 +
1 and one should therefore expect within the membrane
smaller pH gradients and higher over-all reaction rates
than those calculated above. A further complication
stems from the fact that benzoylarginine in its un-
ionized carboxyl form acts as a competitive inhibitor of
papain (Sluyterman, 1964). In the case of a hypothetical
papain—-membrane immersed in a limited bath contain-
ing benzoyl-L-arginine ethyl ester, the local pH of the
membrane will steadily increase as a result of the con-
sumption of substrate in the outer solution (see Figure
10). Because of the characteristic dependence upon pH
of the kinetic parameters of papain one might expect
an increase with time in the specific activity of the en-
zyme embedded in the membrane. The rate of reaction
of a papain—-membrane acting on benzoyl-L-arginine
ethyl ester will thus be less sensitive to the decrease in
external substrate concentration than native papain act-
ing under similar conditions.

Hydrogen ions are liberated or consumed in many
enzymic reactions. For example, H* is generated in en-
zymic oxidation reactions in which NAD or NADP par-
ticipate as cofactors, in the hydrolysis of carboxylic es-
ters, thiol esters, peptide bonds, acid anhydrides, as well
as in phosphorylation reactions by ATP. Since many of
these reactions occur in vivo in membranes or on insol-
uble particles, one may expect local changes in pH as a
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result of many local enzymic reactions. It was shown
(see Figure 10) that even in relatively slow reactions one
might expect a difference of 2-3 pH units across an en-
zyme membrane 200-300 A thick. It thus seems
plausible that marked pH variations occur in biological
membranes. Such variations may play an important role
in determining the permeability and transport across
cell membranes (for review, see Heinz, 1967), as well as
the rate of reaction of membrane-bound enzymes (Bass
and Mcilroy, 1968).

Silman and Karlin (1967) have observed that a sub-
cellular fraction containing membrane-bound acetyl-
cholineesterase shows an anomalous pH dependence
relative to soluble acetylcholineesterase when assayed
in the absence of buffer in the pH-Stat. When assayed
in the presence of buffer the membrane preparation was
apparently activated and the pH dependence became
similar to that of the soluble enzyme. The anomalous
pH dependence was explained as due to local pH changes
in the vicinity of the membrane-bound enzyme conse-
quent to the hydrolysis of substrate. Based on these
findings as well as those previously reported on the
establishment of an acid pH within the domain of a pa-
pain—collodion membrane acting on benzoyl-L-argi-
nine ethyl ester solution of neutral pH (Goldman et al.,
1965), Podleski and Changeux (1967) suggested an ex-
planation for the depolarization by acetylcholine of the
residual resting potential of M cells. Their explanation
is based on the assumption that (a) the depolarization
of the M cells by acetylcholine is initiated by local change
of pH at the membrane level after hydrolysis of acetyl-
choline by the membrane-bound acetylcholineesterase;
(b) the change in pH is caused by the accumulation of
hydrogen ions within diffusion barriers surrounding
the acetylcholineesterase molecules integrated into the
membrane structure.

Experimental Section

Materials

Papain (three-times crystallized) was obtained from
Worthington Biochemical Corp., Freehold, N. J. Col-
lodion nitrocellulose (type HA 35E, lot 2-1108) was ob-
tained from Du Pont. Benzoyl-L-arginine ethyl ester,
benzoyl-L-argininamide, and acetyl-L-glutamic acid
diamide were obtained from Yeda Research and De-
velopment Co., Rehovoth, Israel. Benzidine-2,2’-disul-
fonic acid was prepared according to the literature (Ni-
kolenko, 1961).

Papain—-Membranes. Three papain—collodion mem-
branes were used in the experiments designed for the
determination of the effect of the thickness of the en-
zyme-membrane on the over-all enzymic reaction. The
matrix porous collodion membrane used in the prepara-
tion of all three papain-membranes was made by casting
a collodion solution on rotating tubes according to the
procedure of Carr and Sollner (1944) and of Gregor and
Sollner (1946). The casting solution consisted of nitro-
cellulose (497) in a mixture of ethanol, ether, and water
(48:50:2, v/v). The porous collodion membranes, con-
taining 909, water, were impregnated at 4° with well-
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stirred solutions of crystalline papain, and the adsorbed
enzyme was cross-linked with bisdiazobenzidine-2,2’-
disulfonic acid. The papain solutions were 0.05 M in so-
dium acetate buffer (pH 4.0) and 0.15 M in NaCl. The
impregnation solution (50 ml) for membrane 1 (area
9.7 cm?, average thickness 470 u) contained 34.3 mg of
crystalline papain. Membrane 1 adsorbed a maximum
amount of 30.8 mg of papain within 70 hr. The mem-
brane’s adsorption capacity for papain (p) is thus 67.5
mg/cm? (enzyme concentration 3.1 X 1073 m). The nu-
merical value given for p was used in the evaluation of
the thickness of the enzyme layers in membranes 2 and
3. Membranes 2 and 3 of area 10 cm? and average thick-
ness 400 p were immersed in impregnation solutions
(50 ml) containing 10.6 and 3.4 mg of papain, respec-
tively, until all of the papain was exhausted from the ex-
ternal solution. Enzyme-impregnated membrane 2 was
found to consist of three layers: two outer papain
layers each 78 u thick, and an inner collodion layer 244
u thick, Membrane 3 consisted also of three layers: two
outer papain layers each 24.5 u thick, and an inner col-
lodion layer 350 u thick. The papain-impregnated mem-
branes were washed with water and put into 0.1 M so-
dium phosphate buffer (pH 7.6, 2 ml for each centimeters
squared of membrane) containing approximately 10
moles of bisdiazobenzidine-2,2’-disulfonic acid/mole of
enzymeadsorbed(i.e., 525 ug of cross-linking reagent/cm?
of membrane 1, 175 ug/cm? of membrane 2, and 60 ug/
cm? of membrane 3). For further details concerning the
structure and properties of one- and three-layer papain-
membranes, see previous communication (Goldman
et al., 1968).

Treatment of membrane 2 with methanol according
to the procedure described (Goldman et al., 1968)
yielded a one-layer membrane (membrane 4) used in the
study of the enzymic hydrolysis of benzoyl-L-arginine
ethyl ester. A two-layer papain—-membrane (membrane
5) (Goldman et al., 1968) (400 u thick) containing 800
ug of papain/cm? in the enzyme layer (120 u thick) was
also prepared.

Assays Used in the Determination of the Rate of En-
zymic Hydrolysis of Various Substrates. The enzymic
hydrolysis of benzoyl-L-arginine ethyl ester was followed
with a pH-Stat (automatic titrator Model TTT1C, and
Titrigraph type SBR 2C, Radiometer, Copenhagen);
0.1 N~ NaOH was used as titrant. The rates of hydrolysis
of benzoyl-L-argininamide and acetyl-L-glutamic acid
diamide were determined by the Conway microdiffusion
method (Conway, 1939). The outer compartment of the
standard assay plate contained 0.01 ™M iodoacetic
acid.

Experimental Results

Enzymic Activity of Papain—-Collodion Membranes as
a Function of ol under Boundary Conditions as in Case Ic.
In case Ic it was shown theoretically that the over-all
rate of reaction of an enzyme-membrane exposed to
symmetric boundary conditions is determined uniquely
by the parameter «/, when the local activity of the mem-
brane is described by a reaction first order with respect
to substrate. « is a function of the kinetic parameters of
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TABLE 1: Calculated and Experimental Data for the Activity of Papain—Collodion Membranes with Acetyl-L-glutamic

Acid Diamide as Substrate.

alt Derived
Thickness of from Amt of

Papain Layer Papain ale Derived
Mem- ) (X 104 Adsorbed Reaction Rate (V) from Enzymic
branes cm) (sec cm™1) (umole min~! cm~2) ug of Act. cm~2¢  Act. (sec cm™!) ¥
1 470 1.70 0.185-0.254 1390-1910 1.16 0.90
2 156 0.56 0.057-0.068 427-514 0.39 0.99
3 49 0.18 0.011-0.016 83-118 0.12 1.00

« Experimental. * Calculated by use of eq 6 and 9 for the values of E; = 3.1 mM (concentration of adsorbed inactive
enzyme), D, = 3 X 1076 cm? sec™!, Ku(app) = 0.432 M, and k... = 0.55 sec™! (Blumenthal ez a/., 1967). ¢ Reaction
mixture (3 ml) was 0.25 M in acetyl-L-glutamic acid diamide, 0.01 M in cysteine, and 0.004 m in EDTA and contained 1-2
c¢m? of the corresponding papain-membrane. Reaction was carried out at pH 7 at a temperature of 37°. The rate of
hydrolysis was followed by the Conway (1939) method. ¢ Reaction rate expressed in micrograms of native papain
exposed to the same reaction mixture. Native papain (1000 ug) liberated 0.133 umole of ammonium ions/min. « £y =
1.45 mM, an average value calculated from column 5 using the relation E, = (ug of activity/cm?)/(M! X 1000); M =

20,700 (Glazer and Smith, 1961). 7 Calculated by use of eq 30.

the enzyme-substrate complex

- < kcatEO >1/2
Ku(app) D’
whereas / is the thickness of the membrane. The validity
of the conclusions drawn in case Ic could thus be tested
with the aid of three papain-collodion membranes of
different thickness acting on the two substrates, acetyl-
L-glutamic acid diamide and benzoyl-L-argininamide,
which differ markedly in «.

The three papain—collodion membranes were a one-
luyer papain-membrane 470 u thick (membrane 1, Ta-
ble I); a three-layer papain-membrane ~400 u thick,
consisting of two enzyme layers 78 u each, separated by
a collodion layer (membrane 2, Table I); and a three-
layer papain—-membrane resembling the above three-
layer membrane, but with enzyme layers 24.5 u thick
(membrane 3, Table I). The kinetic behavior of a three-
layer papain-membrane, under the experimental con-
ditions specified, is expected to be the same as that of a
one-layer papain—-membrane, the thickness of which is
the sum of the corresponding two enzyme layers. We can
thus attribute the results obtained with the three enzyme-
membranes used to one-layer papain-membranes of
470, 156, and 49 u.

The specific adsorption capacity for papain protein
of the collodion matrix used in the preparation of the
three membranes described was 3.1 umoles/cm3 (see
Experimental Section and Goldman et al., 1968). Be-
cause of partial enzyme inactivation as a result of ad-
sorption and cross-linking one should expect a concen-
tration of active enzyme (E,) which is lower than the
concentration of the protein adsorbed. The theoretical
analysis of case Ic has shown that for an enzyme-mem-
brane—substrate system for which o/ < 1 the over-all
rate of enzymic reaction (V) equals the rate V, of the

same amount of enzyme when in solution (f = 1, Fig-
ure 7), and is therefore proportional to the concentra-
tion of active enzyme, i.e., E; = VKu(app)/ISoke.t. The
use of a substrate in an enzyme-membrane system for
which o/ < 1 thus enables the calculation of the concen-
tration of active enzyme in the membrane. The calcu-
lated values of «/ for membranes 1, 2, and 3, with acetyl-
L-glutamic acid diamide as substrate, and with an as-
sumed apparent maximum concentration of papain
within the membrane (E;) = 3.1 umoles/cm?, are given
in column 3 of Table I. The values given for membranes
2 and 3 are markedly lower than 1.0. In this case the true
concentration of active papain may be derived from
their activity on acetyl-L-glutamic acid diamide. A cal-
culation of this type has shown that the enzyme ad-
sorbed in membranes 2 and 3 retains approximately
50% of its catalytic activity. Because of this reduction
factor the real o/ for membrane 1 is 1.16 (see column 6,
Table I). All three membranes used thus show an activity
toward acetyl-L-glutamic acid diamide similar to that
of the corresponding amounts of native papain in solu-
tion. The activity per centimeters squared of the three
membranes toward acetyl-L-glutamic acid diamide in-
creases linearly with /, as expected (see column 4 of Ta-
ble I).

Benzoyl-L-argininamide is a much better substrate
for papain than acetyl-L-glutamic acid diamide. The cal-
culated « values for membranes 1, 2, and 3 for this sub-
strate are thus markedly higher than 1.0 (see column 3
of Table II). For membranes 1 and 2 o/ > 4; both mem-
branes thus show similar activities toward benzoyl-L-ar-
gininamide, despite the difference in their thickness.
Membrane 3, however, which has an o/ of 1.77, hydrol-
yzes benzoyl-L-argininamide at a lower rate than mem-
branes 2 and 3 (see column 6 of Table II). The ratio of
the measured over-all rate of reaction to the calculated
value of f (see eq 30) is proportional to / (column 7 of
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TABLE 11: Calculated and Experimental Data for the Activity of Papain—Collodion Membranes with Benzoyl-L-argi-

ninamide as Substrate.

Thickness of

the Papain
Mem- Layer (/) Reaction Rate (V)
branee (X 10¢cm) alt (S12/S0) X 100¢ /e (umoles min—! cm™2) Vif
1 470 17.00 0.04 0.12 0.315-0.400 2.98
2 156 5.65 12.00 0.35 0.320-0.345 0.95
3 49 1.77 70.00 0.80 0.211-0.248 0.29

« See Experimental Section. ¢ Calculated by use of eq 6 and 9 for the values of E; = 1.45 mm (for active enzyme
concentration, see Table I), D’ = 3 X 1078 cm? sec™! (an average value determined experimentally), k... = 8.7 sec™?,
and Kn(app) = 0.032 M (Whitaker and Bender, 1965). ¢ Calculated by use of eq 24. ¢ Calculated by use of eq 30.
¢ Reaction mixture (10 ml) was 2 mM in benzoyl-L-argininamide, 5 mM in cysteine, 2 mm in EDTA, and 0.05 M in phosphate
buffer (pH 6.15) and contained 1 cm? of the corresponding membrane. The reaction was carried out at 25° and was

followed by the Conway (1939) method.

Table II). This is the result of the equality V/f = Vo~
Eyl.

Hydrolysis of Benzoyl-L-Arginine Ethyl Ester by Pa-
pain—Collodion Membranes under Symmetric Boundary
Conditions. The over-all rate of hydrolysis of benzoyl-L-
arginine ethyl ester (V) at two different substrate con-
centrations, So = 0.025 and 0.075 M, by the three papain—~
collodion membranes 1, 2, and 3, is given in Table III.
The data presented show that V increases only slightly
on increasing / from 49 to 470 u. This is because most
of the activity of the papain-membranes toward benzoyl-

T T ] I I
2

S{mM)

FIGURE 11: The experimental course of hydrolysis of benzoyl-
L-argine ethyl ester by the papain—collodion membranes and
by native papain. Curve 1 gives the experimental dependence
of the reaction rate (V) upon the external concentration of
substrate (So) for native papain. The same curve was derived
from the Michaelis—Menten equation. Curves 2 and 3 give the
dependence of V' upon S, for a three-layer papain—-membrane
(membrane 2), and for a one-layer papain—-membrane (mem-
brane 4), respectively. The reaction mixture (5 ml, pH 7.0)
was initially 5 mM in benzoyl-L-argine ethyl ester, 5 mm in
cysteine, and 2mm in EDTA and contained ~1 cm? of the
corresponding membrane, or 180 ug of native papain. The
rate of hydrolysis was followed pH-statically at 30°. The re-
sults were normalized by using the corresponding rates of
hydrolysis at Sy = 5 mm as reference.

GOLDMAN, KEDEM, AND KATCHALSKI

L-arginine ethyl ester resides in the outer layers, whereas
the inner layers are actually devoid of activity because
of the low pH prevailing in them (see Figure 10).

The “feed-back phenomenon” predicted from the
theoretical and numerical analysis of the hydrolysis of
benzoyl-L-arginine ethyl ester by papain-membranes
was demonstrated experimentally in a one-layer and a
three-layer papain-membrane. Curves 2 and 3 of Fig-
ure 11 show that the over-all rate of hydrolysis of ben-
zoyl-L-arginine ethyl ester by the papain membranes, as
a function of substrate concentration, differs from the
substrate dependence exhibited by the soluble enzyme.

TABLE 111: Over-All Rate of Hydrolysis of Benzoyl-L-
arginine Ethyl Ester by Papain-Collodion Membranes.

Thick-
ness of
Papain
Layer () . , P
Mem- (X 104 Reaction Rate? (umoles min™!)
brane® cm) So=0.025M So=0075Mm
1 470 1.554+0.2 2.2+0.1
2 156 1.24+£0.2 2.0+0.1
3 49 0.8+0.1 1.0£0.1

s See Experimental Section. ® Reaction mixture (5 ml)
was S, in benzoyl-L-arginine ethyl ester, 5 mMm in
cysteine, and 2 mm in EDTA and contained 1 cm? of the
corresponding membrane. The enzymic hydrolysis was
carried out at 30° and was followed pH-statically at
pH 7. When the papain membrane was substituted by
50 ug of native papain the following rates of hydrolysis
were recorded: 1.18 umoles/min when assayed with
0.025 M benzoyl-L-arginine ethyl ester, 1.82 umoles/min
when assayed with 0.075 M benzoyl-L-arginine ethyl
ester.




voL. 7, No. 12, DECEMBER 1968

TABLE 1v: Flows of Substrate and Product in a Two-
Layer Papain—Collodion Membrane Exposed to the

Asymmetric Boundary Conditions Specified for
Case I1.
Flow of Arginine Derivatives?
Membrane« (moles min™! cm™?)
Inactiver 0.29 == 0.01 (benzoyl-L-arginine
ethyl ester)
Inactive? 0.29 = 0.01 (benzoyl-L-arginine)
Activesce 0.30 =+ 0.01 (benzoyl-L-arginine

ethyl ester + benzoyl-L-arginine)

e A two-layer papain—collodion membrane (mem-
brane 5, 3.9 cm?, ~400 u thick, containing 800 ug of
papain/cm?) was used. ® The membrane was mounted
between the two compartments of a diffusion cell kept
at 24 & 1°, Both compartments (containing 12 ml of
solution each) were 0.1 N in phosphate buffer (pH 7).
Compartment 1 was in contact with the papain layer and
contained 0.1 N benzoyl-L-arginine ethyl ester or 0.1 N
benzoyl-L-arginine; compartment 2 was devoid of
substrate and product at the beginning of the experi-
ment. Aliquots of 50 ul were withdrawn at 8-min
intervals from both compartments and were analyzed
for arginine residue by the modified Sakaguchi method
(Bhattacharya et al., 1958). The same molar extinction
coefficients were found for benzoyl-L-arginine ethyl
ester and benzoyl-L-arginine under the experimental
conditions employed. ¢Compartment 1 contained
benzoyl-L-arginine ethyl ester (0.1 N) at the beginning
of the experiment. ¢ Compartment 1 contained ben-
zoyl-L-arginine (0.1 N) at the beginning of the experi-
ment, ¢ Activation was attained by the addition of
cysteine (final concentration 5 mm) and EDTA (final
concentration 2 mM) to both compartments.

In the course of hydrolysis of benzoyl-L-arginine ethyl
ester, a decrease in external substrate concentration from
5 to 3 mM leads to a decrease of 30%; in the activity of
native papain, but to a decrease of only 5-10%; in the
activity of the papain—-membranes.

Flows of Substrate and Product in a Two-Layer Papain—
Collodion Membrane under Boundary Conditions of Case
I1. In the theoretical analysis of case II (see Figure 2) it
was predicted that the sum of flows of substrate and
product into compartment 2 in an enzymically active
two-layer membrane equals the flow of substrate into
the same compartment in a corresponding enzymically
inactive system, when D’ = D;’ and D, = D'’ (see
conclusion drawn from eq 39). The same rates of flow
across the two-layer membrane (membrane 5) were
found for the substrate benzoyl-L-arginine ethyl ester
and the product benzolyarginine (see Table IV). Both
compounds thus seem to possess similar diffusion co-
efficients in the papain layer as well as in the collodion
layer. That this is the case was confirmed independently
by the measurement of the rates of flow of benzoyl-L-

KINETIC BEHAVIOR OF MEMBRANES WITH ENZYMIC ACTIVITY

arginine ethyl ester and benzoylarginine across a one-
layer papain—-membrane and a collodion membrane void
of enzyme. The rate of flow of substrate and product
across membrane 5 into compartment 2 (0.30 = 0.01
mole min~! cm~?), under the experimental conditions
used (see Table IV), was found to equal the rate of flow
of substrate (0.29 == 0.01 mole min~! cm~?) through
the same two-layer membrane prior to its activation.
In this system only product (benzoylarginine) is liberated
into compartment 2, and the rate of flow of product into
compartment 1 exceeds markedly the rate of flow of
product into compartment 2. Separation between ben-
zoyl-L-arginine ethyl ester and benzoylarginine, in the
aliquots withdrawn for analysis, was attained by high-
voltage paper electrophoresis (45 min) in pyridine-ace-
tate buffer (pH 3.5). The spots were detected by the Sak-
aguchi reagent (Bhattacharya er al., 1958).
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The Stereochemistry of Enzymatic Transamination®

H. C. Dunathan, L. Davis, P. Gilmer Kury, and M. Kaplan

ABSTRACT: An approach to the determination of the
complete stereochemistry of enzymatic transamination
is described. Stereospecificity in the enzymatic labiliza-
tion of one of the 4-methylene protons of pyridoxamine
has been demonstrated in the transamination of pyri-
doxamine catalyzed by apoglutamate—-oxaloacetate
transaminase.

Both enantiomers of the 4-(CHD-NH.) pyridox-
amine have been prepared. These compounds show

’I:e large family of enzymes utilizing pyridoxal
phosphate as cofactor catalyze a great variety of trans-
formations of amino acids (Braunstein, 1963).

In all cases the mode of action of the cofactor can be
understood in terms of the original mechanism of
Braunstein and Schemyakin (1953) and Snell (Metzler
et al., 1954).' In this formulation all of the enzymatic
reactions involve a common intermediate, the cofactor
amino acid Schiff base. The properties of reaction, sub-
strate, and stereospecificity are then imposed on this
intermediate by the apoenzyme. Given the relative sim-
plicity of this Schiff base intermediate and the limited
numbers of conformations it can assume, one may hope
to achieve a real understanding of the basis for reaction
and stereospecificity in this group of enzymes. In an ear-
lier paper we suggested that reaction specificity in pyr-
idoxal phosphate enzymes must involve enzymatic con-
trol of the amino acid C,-N bond conformation (Dun-
athan, 1966). In this paper we begin to define the pre-
cise stereochemistry of enzymatic transamination.

The fundamental step of transamination is the tautom-
erism or 1,3-prototropic shift shown in Figure 1. This
simple reaction must take place within the confines of
only a few stereochemical variables. These can be listed

* From the Department of Chemistry, Haverford College,
Haverford, Pennsylvania 19041. Received August 14. 1968.
This research was supported by U. S, Public Health Service
Grant AM 09309 from the National Institute of Arthritis and
Metabolic Diseases and by National Science Foundation
Grant GY 4421, A preliminary account of this work was pre-
sented at the Conference on Chemical and Biological Aspects
of Pyridoxal Catalysis, Moscow, Sept 1966,

1 The requirement for pyridoxal phosphate in phosphorylase
(Fisher et al., 1958) cannot be explained by the Snell-Braunstein
mechanism,
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the expected kinetic isotope effects in the enzymatic
transamination. This effect provides a convenient way
to compare the symmetries of monodeuteriopyridox-
amine samples derived from different enzymes. It is
suggested that the symmetry of the hydrogen labilized
at the pyridoxamine 4-methylene group may be related
to the symmetry of the amino acid substrate. A tenta-
tive assignment of the absolute symmetry of the mono-
deuteriopyridoxamines is made.

simply: (1) the configuration at the amino acid «-car-
bon (C,); (2) the configuration of the proton added to
the pyridoxal carbon (C,); (3) the conformation about
the C,—N single bond ; (4) the conformation of the C,—
N double bond; and (5) the stereochemistry of the pro-
ton transfer (see Figure 1). In any real enzymatic trans-
amination, the configuration of the amino acid is known,
the conformation about the C,=N is almost certainly
“trans,” and the C,-N conformation is restricted to one
of the two in which the C,—H bond lies in a plane perpen-
dicular to the plane of the cofactor r system (Dunathan,
1966).

The only real unknowns are the configuration of the
proton added to the pyridoxal carbon, the choice of the
C,—N conformation, and the stereochemistry of proton
transfer. This transfer will be called cis if the CH bond
breaking and making both take place on the same
side of the 7 system plane or rrans if on opposite sides.

These five variables have an “algebraic” relationship
to each other such that knowledge of any four of the
five will define the fifth. Definition of all five will in turn
define a large part of the geometry of the active site and
will restrict considerably the mechanistic possibilities for
the prototropic shift.

In stating these unknowns we have assumed enzymatic
stereospecificity in adding and removing a proton at the
pyridoxamine 4-methylene carbon. This is certainly to
be expected considering the number of examples of en-
zymatic discrimination between the protons of a X-
CH:-Y grouping (Rose, 1966).

In this paper we describe proof of this stereospecific-
ity at pyridoxamine and the isolation of the two mono-
deuteriopyridoxamine enantiomers. We have made ten-
tative assignment of the absolute configuration of these
compounds.



