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ABSTRACT 

Two types of (CNBr-activated) Agarose-staphylococcal endonu- 
clease derivatives have been prepared, one with the enzyme uni- 
formly distributed in the support, and the other with the enzyme pre- 
ferentially bound in the most external part of the support particles; 
the latter were obtained using agarose of very small pores and a high 
degree of activation. Quantitative enzyme distribution has been de- 
termined by scanning fluorescence microscopy. With these insoluble 
enzyme derivatives, a kinetic study for the hydrolysis of a mononu- 
cleotide has been carried out. A simple theoretical model for nonuni- 
formly distributed insoluble enzyme derivatives, which considers 
only the case of mixed enzymic reaction-internal diffusion kinetics, is 
proposed. The experimental data agree very well with the predictions 
of the model. 

Index Entries: CNBr-activated agarose; staphylococcal nuclease; 
heterogeneously distributed insolubilized enzymes, preparation of; 
inhomogeneously distributed insolubilized enzymes, preparation of; 
insolubilized enzymes, preparation of inhomogeneously distributed; 
fluorescence, determination of enzyme distribution by. 
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INTRODUCTION 

To obtain high reaction rates per unit volume of reactor and good 
flow properties, the industrial insolubilized enzyme catalysts should 
have a large protein loading and not have a very small size for the porous 
support particle. Under these conditions, reaction rates are generally 
controlled by substrate diffusional limitations, which cause the effec- 
tiveness factor of the insoluble enzyme to fall down far from one. There- 
fore, attempts to improve the efficiency of these biocatalysts are of real 
interest. Perhaps the most promising approach is the preparation of 
nonuniformly (or heterogeneously) distributed derivatives in which the 
enzyme is mostly fixed in the outer part of the porous matrix particle-- 
decreasing activity profile (DAP)--because these DAP nonuniformly dis- 
tributed derivatives are more efficient than the corresponding uniform 
ones (1-5). For this reason, in the last few years, several reports have ap- 
peared in the literature concerning the preparation and kinetic behavior 
of these nonuniformly distributed insolubilized enzyme derivatives 
(1-7), but in spite of this increasing interest, many basic problems yet re- 
main unanswered. 

In this paper we present a study on three different, related aspects of 
the preparation and kinetic behavior of DAP-nonuniformly distributed 
insolubilized enzymes: 

(1) A simple theoretical model for a process influenced by the 
substrate diffusion speed and enzymatic reaction rate 
(mixed enzymic reaction-internal diffusion kinetics) is pro- 
posed. With this model we have tried to answer several ba- 
sic questions: Is there a qualitative influence of DAP distri- 
bution on the kinetic behavior of insolubilized enzyme 
derivatives compared to uniformly distributed ones? Is 
there a qualitative influence of the specific pattern (linear, in 
shell, spherical segment and the like) of the DAP distribu- 
tion? How can DAP distribution, in theory, optimize the ef- 
ficiency of a certain uniformly distributed enzyme derivative 
if another derivative could be prepared with the same en- 
zyme concentration per unit volume of support, but distrib- 
uted nonuniformly? 

(2) Using a very common enzyme insolubilization technique 
(i.e., covalent attachment of enzymes to activated support 
in a stirred reaction mixture), we have probed the prepara- 
tion of (DAP) heterogeneously distributed enzyme deriva- 
tives. If the insolubilization reaction is performed under en- 
zyme diffusion-controlled conditions (i.e., fast attachment 
of the protein as compared to its diffusion), and if the 
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(3) 

amount of enzyme to be insolubilized is less than the sup- 
port maximum capacity to bind protein, the enzyme will be 
mostly insolubilized in the outer part of the porous support 
particle. Obviously, higher insolubilization rates and/or lo- 
wer enzyme diffusion rates will yield more heterogeneous 
enzyme distributions. Intrinsic insolubilization rates will be 
determined by the reactivity and concentration of active 
groups in the support, the enzyme concentration, pH tem- 
perature, and so on. Enzyme diffusion rates will be influ- 
enced by the diffusivity of the enzyme in solution, enzyme 
concentration, textural properties of the support, and so on. 

For this experimental study, the system (CNBr-activated) 
agarose-micrococcal nuclease has been chosen. In order to 
obtain large variations in the insolubilization rate/enzyme 
diffusion rate ratio, which will translate into very different 
heterogeneous distributions, the following steps have been 
carried out: (a) Agarose gels with very small pore diameter 
(similar to the nuclease size) have been prepared, and the 
protein progress within the pores of these gels must be very 
restricted; (b) the CNBr activation method yields agarose 
gels with very high insolubilization rates for NH2-contain- 
ing molecules (8), and very high concentrations of active 
groups--cyanates--in the agarose can be readily obtained; 
(c) the maximum amount of nuclease insolubilized in the ag- 
arose beads represents less than ]% of the maximum capac- 
ity of the gels; and (d) the presence of internal diffusional 
limitations during the insolubilization reaction, and the in- 
fluence of the activation degree of the support in the insolu- 
bilization rates, have been experimentally proven. 

Under these conditions, one should expect very different 
enzyme distributions in the derivatives. (The distribution of 
the protein was quantitatively determined by fluorescence 
microscopy.) From these experiments, we expected to gain 
some insights into how difficult it is to obtain very (DAP) 
nonuniformly distributed, insolubilized enzyme deriva- 
tives. 
Finally, we have studied the kinetic behavior of agarose- 
nuclease derivatives in the hydrolysis of thymidine 5'-(p- 
nitrophenyl phosphate)3'-phosphate, synthetic substrate of 
the nuclease. With these data, our theoretical model was 
checked. [This same experimental system, but using com- 
mercial agarose gels of large pore size as supports, allowed 
us to verify the usefulness of a similar, simpler model de- 
scribing the kinetic behavior of uniformly distributed insolu- 
bilized enzymes (9)]. 
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THEORY 

We consider an insoluble enzyme system as having the following 
properties: (a) The solid support  particles are spherical; (b) since the dif- 
fusion of the reaction products are larger than that of the substrate, only 
the diffusion influence of the latter is considered; (c) the intrinsic enzyme 
kinetics of these insolubilized nuclease derivatives are of the Michaelis- 
Menten type; (d) the flux of substrate through the porous structure obeys 
Fick's first law, with a constant effective diffusion coefficient, D~s; (e) 
there is no external diffusion influence (this point has been proven exper- 
imentally); (f) there are no temperature gradients; and (g) the mass trans- 
fer takes place under  stationary conditions. 

As discussed previously for uniformly distributed, insolubilized en- 
zymes (9), in a volume of differential element of insolubilized derivative, 
at steady state, the difference between the substrate diffusion speed 
through the surfaces of radii r + dr and r will be equal to the enzymic 
reaction rate. In a dimensionless form, one can write: 

d2y 2 dY Y 
- -  + - - -  - (b(p)eff - 0 (1) 
dp 2 p dp [3 + Y 

where 

Y = S(r)/So p = r/R f3 = K;,,/So 

and 

'-b(P) = \ D~,,-rK;. ] 

1 2  = R(EMk~.,t)I/2[E(P)~ je 
D,.ffK~,,. \ EA.~ ] 

= , , 2  

\ EM ] 

The boundary conditions for Eq. (1) are: 

dY/dp = 0 at p = 0 
Y = I  a t p = l  

(2) 

The solution of Eq. (1), Y = Y(p), will be determined by the values of 
13 and (bM and by the distribution function of the enzyme in the insoluble 
derivative, f(p) = E(p)/EM. Two types of enzyme distribution in the 
particles were considered: 

(a) Distribution in spherical segment. The enzyme is bound uniformly 
only in the external shell of the support particle. An adimensional radius, 
p,., is considered such as: 
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t i p )  = 0 
where p < p{, 

+ ( p )  = 0 

f ( p )  = (1 - p3) , 

+~h = + M ( 1  -- p3) 1~2 
w h e n  p -> p{. 

(3) 

(b) Linear distribution. Star t ing f rom the surface of the  particle,  the con- 
cen t ra t ion  of the  b o u n d  e n z y m e  decreases  l inearly d o w n  to zero for an 
a d i m e n s i o n a l  radius ,  pl, such  as: 

f(p) = 0 w h e n  p < p~ 

= P - Pl 
f(P) f~} (9 - p~)p2,tp w h e n  p -> p~ 

In o rde r  to solve Eq. (1) for bo th  types  of e n z y m e  dis t r ibut ion,  a com- 
pu t e r  p r o g r a m  a p p l y i n g  the  fou r th -o rde r  in tegra t ion  m e t h o d  of Runge-  
Kutta (10) was used .  

Effectiveness Factor 

O ne  way  of calculat ing the  effect iveness  factor, ~1, is to cons ider  that  
at s t eady  state the  actual  react ion rate in the who le  sphe re  is equal  to the 
d i f fus ion  rate of the  subs t ra tes  t h r o u g h  the entire surface t oward  the  in- 
side of the particle. T h e n  

~q = actual  overall  react ion rate, Y = Y 

react ion rate if Y = 1 

3(6 + 1) (dY/  
\dp/f,=l 

"q = {bml3 (4) 

Once  we  k n o w  Y = Y(p), by solving Eq. (1), we can calculate (dy/dp)~, 
1 and  hence  also solve Eq. (4). The  value  of ~1 will be a func t ion  of +M, 

6, and  tip). 

Analytical Solutions of Eq. (4). 

Shell-Type Distributions 
For shell-type heterogeneous enzyme distributions and in the limit- 

ing cases of Michaelian kinetics (first and zero order), the simplified Eq. 
(4) has analytical solutions: 
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First Order  ([3 --~ ~)  

Solutions of simplified Eqs. (1) and  (4) have been  given by Aris (11): 

Y(p) = 1/p 
6 ~ . % c o s h  (bsh(O - Pt_-) q- sinh ~b~h(p -- Pc) 

(bsh%COsh qbsh(1 - Pc) + sinh qb,h(1 - %) 

and  

3qb~h(1 -- %)cosh qbsh(1 -- %) + 
"111 ~2 h (1 - p 3 ) q b s h c C O S h  ~b.~h(1 - p,.) + 

( ( b~hPc -  1 ) s i n h  ~b~h(1 - p,,) 

sinh (bsh (1 -- p,.) 
(5) 

and,  since qb~h = fl~bM, Pc) [see Eq. (3)], then  

W h e n  pc = 0, Eq. (5) becomes  the one previously obtained by 
Wheeler  (12): 

3[ I l "101 = ~ -  tanh ~b ~b (6) 

which  is valid for uniformly distr ibuted derivatives (9). ~b = ~bM = (bsh is 
the Thiele modu lus  of a derivative with uniform enzyme  distribution. 

Zero Order  (fi ~ O) 

We can now apply a reasoning parallel to that we previously used  
for h o m o g e n e o u s l y  distributed,  insolubil ized enzymes  (9). First, we  con- 
sider an ad imens iona l  radius, O~.~, at which the substrate concentrat ion 
becomes zero; this radius will be def ined by the equaton,  obtained by 
W e e k m a n  and Gorring (13). 

2 3 
~)sh~ = 

(1 - p~,x)lJ2(1 + Pox) - P~x (7) 

And  replacing ~b~h with its value in Eq. (3), we have 

~bRf ~ = 3(1 - p~) 
(1 - Pex) I/2 (1 + Pex) -- ~)ex (8) 

At this point  we can consider  two situations for shell-type, 
nonuni formly  distributed,  insolubil ized enzymes:  

(A) If ~b~[~ ~< 3(1 - p~.,)3/(1 - %,)['/2(1 + p,.,) - p~,] 
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this means that p,., > p,~ and, thus, the substrate concentration will be 
finite (>0) in all the shells (spherical segment) containing insolubilized 
enzyme; hence ~10 = 1. 

(B) If ~bM]3 > 3(1 - p,. ,fi/(l  - p,.x)[~/2(l + p,.~.) - p~,] 

then p~., < Pc, and there will be two different volume fractions in the shell 
containing the enzyme; (a) where  substrate concentration is zero, and (b) 
where  substrate concentrations is finite (>0). The effectiveness factor, ~q0, 
will be the volume fraction of the shell where substrate concentration is 
finite: 

1 - -  3 P(~X 
n, ,  - 1 - p,3 - f((bA,,  p , ,  [3) 

because p,,~ is defined by Eq. (8). 

RESULTS AND CONSIDERATIONS FROM THE 
THEORETICAL MODEL 

From the numerical solutions of Eq. (1) we can obtain the theoretical 
Eadie-Hofstee plot corresponding to every pair of given values d)M and 
f(p). These Eadie-Hofstee plots had been previously chosen as the most 
adequate for the study diffusional limitations in reactions catalyzed by 
insolubilized enzymes (9). For this analysis--which considers only the 
limiting case of internal diffusion-enzymic reactions--the equation that 
defines the initial rate of reaction per unit volume of insolubilized en- 
zyme particle, v, is: 

E~viSo xl[r [3, f(p)] co~ _ K;,, E~7 

Figure 1 shows the Eadie-Hofstee theoretical lines for a single value 
of qbM and different values of pc. We see that when  p,, increases, the line 
(sigmoidal) tends to coincide with the straight line corresponding to the 
soluble enzyme; that is, xl increases with p,.. One can observe that the 
lines obtained are very similar for the uniform enzyme distribution and 
for different pairs of values r and p,. in the nonuniform distributions. 
For example, the sigmoidal curve of a nonuniform enzyme derivative of 
r = 10 and p,, = 0.95 (Fig. 1), also corresponds to other inhomogeneous  
derivatives (i.e., (ba~ = 6.8 and p,, = 0.9; r = 4 and p,. = 0.68, and so on) 
and also to a uniform enzyme derivative having a value (hAl = 3.2. In ad- 
dition, the similarity among all these theoretical lines is maintained 
throughout  all [3 values, even for the region where (3 ---, z. 

On the other hand,  theoretical representations obtained for different 
types of enzyme distribution are also quite similar. The theoretical lines 
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Fig. 1. Theoretical Eadie-Hofstee plots for five nonuniform msolubilized 
enzyme derivatives with a constant value of ,b~ (= 10) and different p~, (solid 
lines). The following values were used: R = 1 lain; k~'-at = l / s ;  K/. = 1 p~M; EM = 1 
p~M: D~.(~ = 0.01 cm2/s: The straight lille connecting values of 1.0 at the coordi- 
nates represents the behavior of a soluble enzyme obeying Michaelian kinetics; 
the broken lines (. - -) corresponds to values of [3 from 20 to 0.05. 

co r r e spond ing  to three values  of d2M (7, 15, and  30) are given in Fig. 2. In 
any  case, a single s igmoidal  curve  is obta ined for two derivat ives having  
the same  6M, but  a d i f ferent  type  of e n z y m e  distribution: (i) a spherical  
s egmen t  of p~ = 0.9; or (ii) a l inear distr ibution with p~ = 0.82. 
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Fig. 2. Theoretical Eadie-Hofstee representations for three insolubilized 

enzyme derivatives having (bA.l values of 7, 15, and 30. The same curve is ob- 
tained for two derivatives possessing the same (bM, but a distribution in a spheri- 
cal segment of p~. = 0.9 or a linear distribution of pl - 0.82. The values of R, K/-,,t, 
k,',,, and E;I are as in Fig. 1. The D~.r values corresponding to (hA1 of 7, 15, and 30 
are, respectively, 0.02, 0.0044, and 0.0011/cm=/s. 

Based on these  f indings,  the s tudy  of the kinetic behavior  of insolu- 
ble der ivat ives  having  a he t e rogeneous  e n z y m e  distr ibution can be 
largely simplified as follows: (a) Wha teve r  the type  and  pat tern  of the 
DAP-he te rogene i ty  in the e n z y m e  distr ibution m a y  be, its kinetic behav-  
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ior will be similar to that of a certain derivative with a uniform enzyme 
distribution (characterized by an apparent  Thiele's modulus qbapp); (b) 
whatever the pattern of the DAP-heterogeneity in the enzyme distribu- 
tion may be, its kinetic behavior will be similar to that of a certain deriva- 
tive having the enzyme distributed in a spherical segment (defined by 
the value Peq). This leads us to the following statement concerning the 
kinetic behavior of insoluble enzyme derivatives: 

Any type and pattern of nonuniform enzyme distribution [character- 
ized by ~bM and tip)] can be made equivalent to a distribution in spherical 
segments (defined by qbM and peq) and to a uniform distribution (defined 
by (~app), i.e., 

[[3, (bM, tiP)] = ([3, ~)M, Peq) = ([3, ~app) 
Following our model and using the numerical solutions of the limiting 
case [3 ~ ac (first order), the relationship among (bapp, (bM, and Peq can be 
readily obtained. For this, we equate the value of ~ql for a uniform deriva- 
tive with (bapp [Eq. (6)] to the value for a nonuniform derivative defined 
by ~bv and Peq [Eq. (5)]. Thus: 

"ql((bapp) = T]I((bM, Peq) (9) 

Some numerical results of Eq. (9) are presented in Fig. 3. 
The fitting of the kinetic experimental data to the theoretical model 

cannot be done unequivocally. Information on the enzyme distribution 
in the derivative or on ~bv (i.e., information on the nonkinetic parameters 
that define qbv, i.e., R, EM, D~,ff) is needed. To adjust experiment and 
theory, the following procedure is proposed: 

(i) Fit the experimental results (presented as Eadie-Hofstee 
plots) to the theoretical model, internal diffusion--enzymic 
reaction, corresponding to insolubilized derivatives with 
uniform distribution, as has been published previously (9). 
From this fitting we can obtain k~,lt, K;,,, and (bapp. 

(ii) From (bapp and using the solutions to Eq. (9), the value of qbM 
(if we previously know p~q), or the value of p,,q (if we know 
all the parameters that define qbM) can be calculated. 

Finally, in order to explore the possibility of optimization of insolu- 
bilized enzyme derivatives by means of heterogenization of enzyme dis- 
tribution, plots of the percentage of effectiveness versus log (1 - p~,q) for 
different ~bM and [3 values are represented (Fig. 4). At 100%, the effec- 
tiveness factor corresponding to the homogeneously distributed deriva- 
tive for a given value of ~bA1 was taken. As expected, the increase in effec- 
tiveness is more pronounced when both 6M and [3 increase. However,  it 
should be noted that spectacular increases are only obtained for very ex- 
treme inhomogeneous distributions. Thus, in the most extreme case rep- 
resented in Fig. 4 (~bM = 40, 6 --~ :~), only a 35% increase in the effec- 
tiveness factor (with respect to the corresponding homogeneous 
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Fig. 3. Some numerical solutions of Eq. (9) showing the kinetic equiva- 
lence between ~b, pp and different pairs of values (4~.v~, p,.q). 

derivative) is obtained for a clearly nonuniform distribution (p,,q -- 0.7). 
This point will be further commented on in the Discussion. 

EXPERIMENTAL 

Materials 

Sepharose 2B and 6B were from Pharmacia, Sweden; CNBr from E. 
Merck, West Germany; micrococcal endonuclease (EC 3.1.31.1.; mw 
16.800) from Worthington Biochemical Corporation, USA; and thymidine 
5'-(p-nitrophenyl phosphate)3'-phosphate (NPpdTp), from Ash Stevens 
Inc., 5861 John C. Lodge Freeway, Detroit, MI 48202. All other reagents 
were from commercial sources. 

Methods 

Preparation of Agarose Gels A26 and A44 

The preparation of very dense agarose gels was carried out by 
treating commercially available gels according to the directions outlined 
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by Porath and Ax~n (14). An agarose gel containing 6% (w/v) agarose 
(Sepharose 6B, from Pharmacia) was dehydrated by successive washings 
with ethanol-water mixtures of decreasing water content and, finally, 
with absolute ethanol. To avoid lump formation, the gel was then mildly 
dried in a desiccator (24 h at room temperature and 2 h in ~,acuo). One 
gram of the dried agarose was swollen in 45 mL of the ethanol-water 
mixture (20:80 for A26 and 37:63 for A44) containing 0.5M NaC1 and 5 
mg/mL NaBH4. The swelling was affected at 60~ for 5 min; then 3.8 mL 
epichlorohydrin/g dried powder were added and the mixture left for 2 h 
in order to fix the new tridimensional structure of the gels. Then they 
were washed, heated in an autoclave, and washed again as recom- 
mended by Porath and Ax~n (14). The gels so obtained contained 13 and 
20% (w/v) agarose, respectively. Their activation with CNBr (see proce- 
dure below) apparently rendered their porous structures closer together, 
since the activated gels--A26 and A4/I now contained 26 and 44% 
agarose (w/v), respectively. 

CHBr Activation 

Activation with CNBr was carried out according to the latter method 
of Porath et al. [procedure A of ref (15)], which takes advantage of the 
very high buffer capacity of alkaline phosphate solutions, rendering pH 
control unnecessary. In the standard procedure, 150 mg of CNBr/mL gel 
were used. The determination of active cvanate groups, the main groups 
responsible for enzyme binding, was made using the procedure of Kohn 
and Wilchek (8). As pointed out above, the CNBr activation affects the 
porous structure of the modified gels. Thus, in order to have very differ- 
ent activation degrees, we did not use different conditions in the activa- 
tion procedure, but the gels were activated by the standard procedure 
(150 mg BrCN/mL gel), and in some cases they were allowed to deacti- 
vate in 0.1M NaHCO3 buffer, pH 9.0, until the desired activation degree 
(measured as concentration of cyanate groups) had been reached. 

Textural Characterization of the Gels 

This was made by using optical microscopy, gel filtration, and solute 
partitioning equilibrium (16). The gels were characterized by their parti- 
cle radius, pore diameter, and specific area. Details will be give else- 
where (J. M. Guis~in and J. Serrano, in preparation). Gels A26 and A44 
were studied after CNBr activation. After activation they were deacti- 
vated in 0.1M NaHCO3, pH 9.0; and for blockage of the residual active 
groups they were treated overnight with 1M ethanolamine, pH 9.0. 

Values of textural parameters for two commercial Sepharoses and 
for the dense agarose gels (A26 and A44) are presented in Table 1. The 
pore diameter of the commercial Sepharose 6B was reduced by more than 
an order of magnitude down to the range of the nuclease size, 3 • 3 • 4 
nm (17). 
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TABLE 1 
Properties of the Supports 

2B 6B A26 A44 

d,, nm 250 80 7 5 
R, I*m 50 50 38 27 
a~p, m2/cm ~ 8 25 130 185 

Preparation of Insolubilized Derivatives 

Nuclease was insolubilized through its amino groups directly on the 
BrCN activated agarose, essentially as previously reported (18). Insolu- 
bilization was carried out in 0.1M bicarbonate buffer and 0.5M C1Na, pH 
9.0, at room temperature. Typical insolubilization mixtures (amount of 
enzyme/amount  of activated gel/total vol) are detailed in the legend of 
Fig. 5. The amount  of enzyme insolubilized was obtained from the differ- 
ence between the activity of the soluble enzyme added to the 
insolubilization mixture and the activity recovered in the filtrate and 
washings. In control experiments with unactivated agarose, the activity 
of the enzyme in the filtrate and washings remained at 100%. 

Enzyme Assays 

Initial activity of the soluble and insoluble enzymes toward NPpdTp 
was measured by following graphically the increase in absorbance at 330 
nm at 25~ (19), using a Zeiss PMQII spectrophotometer equipped with a 
2-cm pathlength cuvet, with magnetic stirrer. The stirrer speed, deter- 
mined with a tachometer, was usually fixed at its maxima setting (2500 
rpm). Reaction velocities were calculated using a molar extinction coeffi- 
cient for the p-nitrophenyl phosphate at 330 nm of 4260/M/cm (19). Mea- 
surements of activity were made at pH 9.5 (50 mM glycine-NaOH 
buffer). The amount  of insolubilized derivative in the assays was always 
maintained in the region of linearity between activity and amount  of de- 
rivative. Hence, the ratio between the observed reaction rate and the 
volume of insolubilized enzyme present in the reaction (i.e., in the spec- 
trophotometer cuvet) gives the actual reaction rate per unit volume of en- 
zyme derivative, v. 

Determination of Enzyme Distribution 

Agarose-nuclease derivatives were suspended for lh  at room tem- 
perature in a 40-~g/mL fluorescein isothiocyanate solution in 0.1M 
NaHCO3, pH 8.5. Afterward, the gel was exhaustively rinsed, as de- 
scribed previously (18), then inbedded in 20% (w/v) gelatine and cut into 
5-1~m sections, following the procedure of Lasch et al. (20). These sec- 
tions were analyzed with a scanning Zeiss fluorescence microscope, 
model  SMPH. The intensity of fluorescence present in the 5->m thick- 
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Fig. 5. lnsolubilization of nuclease on CNBr-activated agarose gels. The 

reaction conditions were the following: Gel volume, 2 mL; total reaction volume, 
25 mL; and enzvme concentration, 13.4 txg/mL. Activation degree of the gels: (A) 
3.3 raM; and (B) 7.7 mM in cvanate groups. 

hess  of a bead section w h e n  scanned  along a d iameter ,  was m e a s u r e d  
with the help  of a compute r .  
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RESULTS 

Influence of the Nuclease Diffusion During the lnsolubilization 
Reaction 

Tile speed of the insolubilization reaction has been studied by vary- 
ing the porous structure of the support  while keeping the remaining vari- 
ables (concentration of cyanate groups in the support, enzyme concen- 
tration in the insolubilization mixture, ternperature, and so on) constant. 
Figure 5 shows a time course of the immobilization of nuclease on several 
agarose gels at two different activation degrees of the supports. In both 
cases, the time required for insolubilization is higher the lower the pore 
diameter of the support. Likewise, the reaction time decreases for in- 
creasing support  activation (concentration of cyanate groups, see Table 
2). Lower times for the insolubilization reaction result in nonuniform dis- 
tribution (21), with the enzyme mostlv bound in the external part of the 
beads. We have chosen this procedure,  the variation in the activation de- 
gree of the support,  as a way of obtaining several different insolubilized 
derivatives, all having the same average concentration of enzyme,  E,~, 
but very different protein distribution. 

The properties of pairs of derivatives having the same enzyme con- 
centration, but differing bv one order of magni tude in the activation de- 
gree of the support  employed in their preparation, are compared in Table 
2. When an enzyme to be covalently insolubilized has many residues that 
are able to react with the activated support  [the nuclease has 24 amino 
groups (17)], an increase in the degree of support  activation can favor 
insolubilization by multiple-point attachment; this multipoint binding 
could yield derivatives whose intrinsic kinetic properties are very differ- 
ent from those of derivatives having a single-bond enzvme support. 
From the values of specific surface area (Table 1) and the [NCO ] (Table 
2), the densitv of cyanate groups on the surface (internal and external) 
can be calculated. The surface densitv, expressed as no. of cyanates/1000 
A2--1000 A e is approximately the section occupied bv a molecule of 

TABLE 2 
Properties of the Insolubilized Derivatives 

N A26n N-A26u N-A44nt N-A44ul N-A44n2 N-A44u2 

EM, ~M 10 10 17.5 17.5 9.0 9.0 
[NCO ], mM 11 1.1 13 1.1 13 1.1 
Surface density" 0.51 0.051 0.42 0.036 0.42 0.036 
p~,q(flu) 0.55 0 0.55 0 0.65 0 
(bapp 14 16 22 25 12 15.5 
~bM 16 16 25 25 15.5 15.5 
peq(kin) 0.6 0 0.5 0 0.7 0 

"Expressed as no. cyanate groups/10 nm 2 of support surface. 
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nuclease--is given in Table 2. In all cases, the surface density is lower 
than 1; this indicates that in cases of both high and low support activa- 
tion, the enzyme can be bound only through a single bond. In other 
words, the range of support activation that is being compared affects 
only to the protein distribution within the porous structure of the matrix, 
but not to the intrinsic kinetic properties of the insolubilized enzyme. 

Enzyme Distribution in the Derivatives 

Quantitative fluorescence analysis of sections of insoluble enzvme 
particles has been carried out, as described in Methods. As an example, 
the fluorescence intensity profiles of beads of approximately 70 I*m diam- 
eter, corresponding to derivaties N-A44u2 and N-A44n2, are presented 
in Fig. 6. For the insoluble enzyme obtained using the support with the 
lower activation (N-A44n2), the fluorescence intensity along a diameter 
remained constant (i.e., the distribution of the enzyme is practically uni- 
form in the gel bead), whereas the more activated support vields a 
particle of insolubilized enzyme having this bound only in the most ex- 
ternal spherical segment. This corresponds to a p~ value of 0.7 [see the 
enzyme distribution for other derivatives studied, p,,q (flu), in Table 2]. 

Kinetic Studies 

First, by varying the stirrer speed, we verified that reaction rates 
were in all cases independent  of the agitation speed in the reactor, i.e., 
the observed rates of reaction were not influenced bv external diffusion. 

The substrate concentration was varied between 40 and 220 txM; 
then pairs of insoluble derivatives having the same support, ~b~.1, and 
concentration of enzvme in the gel, but different enzyme distribution 
(practically uniform in one case, see Fig. 6A, and clearly nonuniform in 
the other as Fig. 6B) were compared. Eadie-Hostee plol~s corresponding 
to derivatives obtained using the supports of lower porosity are shown in 
Fig. 7. The points represent experimental values and the lines the theo- 
retical curves predicted by our model. As expected, in all cases, the reac- 
tion rate of the derivative with nonuniform distribution of enzyme were 
always higher than those corresponding to its uniformly distributed 
counterparts. Furthermore, if we compare derivatives with tile same sup- 
port, but different enzyme concentration, the ordinate values are always 
higher for the derivative with a lower enzyme concentration (cf N-A44ul 
and N-A44u2). That lower concentration of the enzvme in the gel parti- 
cles vields more efficient derivatives was also found in previous studies 
(9, 18). 

Because of the low porosity of the supports, the deviation of the ex- 
perimental points from the straight line corresponding to intrinsic insolu- 
bilized enzyme kinetics is very large. In a previous work (9) we found 
that when  there is no diffusional limitations, the corresponding straight 
line intersects the ordinate axis at 0.72 and the abcissa axis at 41. The 
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Fig. 6. Quantitative profile of the fluorescence intensity of 5-gin sections 
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large deviations found in the present work indicate serious diffusional 
resistances, that is, very low effectiveness factors. 
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DISCUSSION 

The results depicted in Fig. 5 clearly show the influence of enzvme 
diffusion in the insolubilization rates. The only difference among the 
curves of Fig. 5A or B comes from the porosity of the support  used, all 
the other variables being identical; in the absence of diffusonal restric- 
tions, a single curve would be obtained for Fig. 5A and B. Those diffu- 
sional restrictions increase when  the diffusivitv of the enzyme is lower 
because of a smaller pore diameter of the support. On the other hand, an 
increase in the concentration of active cvanate groups in the support  re- 
suits in a lower time of insolubilization. 

The translation of the diffusional limitations into different enzyme 
distribution profiles is an expected result, as pointed out in tlle Introduc- 
tion. In all cases studied, tile concentration of tile enzyme in the gel 
particles was several orders of magni tude lower than tlle maximal theo- 
retical capacity of the supports (i.e., the concentration of the active cva- 
nate groups, see Table 2). In cases of derivatives with nonuniform en- 
zyme distribution (derivatives N-A26n, N-A44nl, and N-A44n2), the 
enzyme profiles measured followed a clearly cut spherical segment,  as 
indicated by tile p~.q(flu) values listed in Table 2. 

The fitting of the experimental data to the theoretical model is simple 
and can be effected by following steps (i) and (ii), as described in the 
Theorv section. The kinetic behavior of two insolublized derivatives with 
the same enzvme, concentration/mL of gel was compared in all cases; 
each pair of derivatives compared had the same ~1~i value, one compo- 
nent  had a uniform distribution of the enzyme, the other a nonuniform 
one. Thus, the '-b,,pp value obtained for the uniform derivative after ap- 
plying step (i) is, in fact, the d~  value for both derivatives in the pair. To 
know the r from the fitting described in (i), the available information 
on the intrinsic kinetic constants of this type of derivatives (CNBr- 
activated agarose-Nuclease, in which the protein was also bound 
through a single covalent bond) can be used. These constants, which 
were obtained with a Sepharose 2B-Nuclease derivative (0.1 cvanate/1000 
A, 2 of support  surface) in the absence of diffusional limitations (16), were 
k',,,t = 27.5/min and K;,, = 65 tzM. With these data, d~,pr, in the Eadie- 
Hofstee curve corresponding to each derivative, can be calculated, as 
previously described (9). That is, one has only to extrapolate to the or- 
dinate axis the curve that best fits the experimental points, bearing in 
mind that the last part of the curve tends to be a straight line parallel 
to that corresponding to enzvmic kinetics. The intersection point will be 
~qlcb,u, pk~.,JK;,,; then, once rll is known,  r can be calculated from Eq. (8). 
The theoretical sigmoidal curve corresponding to this r value must  be 
contrasted with the experimental one in order to obtain the best possible 
fitting (this operation may require several extrapolations to the ordinate 
axis). 
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Hence, ~,~pr values for the nonuniform and uniform derivaties (the 
latter will be the value of ~,< corresponding to both derivatives) for each 
pair of immoblized derivatives studied can be obtained from kinetic data. 
Once ~)app and ~b,~ are known, from Eq. (9) we can obtain the value of p,.q 
derived from kinetic measurements,  p~,q (kin). Table 2 presents the value 
of p~,q(kin) for three pairs of derivatives compared. 

Since the enzyme distribution has been studied by fluorescence 
microscopy (Fig. 7), which directlv gives us the value of p~,q(flu), the va- 
lidity of our kinetic model in the-conditions of experimentation can be 
verified. Table 2 clearlv shows a v e r v  good agreement between p,.q(flu) 
and p~,q(kin). 

CONCLUDING REMARKS 

From the analvsis of the theoretical model developed, we have been 
able to establish an equivalence in the overall kinetic behavior of insolu- 
ble derivatives presenting any type of heterogeneous enzyme distribu- 
tion, a shell-type heterogeneous distribution, and a uniform distribution. 
This equivalence allows a great simplification in the kinetic study of 
DAP-nonuniformly distributed derivatives, as we have seen above. 
Knowing ~AI, and using the theoretical model for uniformly distributed 
derivatives (9), the value of p~.q(kin) can be obtained from the analytical 
solutions of Eq. (9). 

Likewise, the model permits a priori simulations on the possibilities 
of optimizing the efficiency of uniform insoluble enzyme derivatives 
through heterogeneization of the enzyme, bound to the porous carrier. 
From Fig. 4 can be concluded that nonuniform enzyme distributions do 
not produce dramatic increases in the effectiveness factor of the deriva- 
tive. For a value of p~,q = 0.7, the highest obtained in our derivatives (Ta- 
ble 2), the increase in the effectiveness factor, even for a system with cbA~ 
= 40, is onlv, 35r (Fig. 4). Experimentally, bv preparing a nonuniform 
derivative of p~.q = 0.7, we have been able to optimize only bv 16% a uni- 
form derivative of ~b,~ = 17.6; [3 ---, -~. On the other hand, we can compare 
(Fig. 3) the optimization reached bv heterogenizing the enzyme distribu- 
tion with that attained by what is a common technique in catalysis 
(particle size reduction). In Fig. 3 we see that a uniform derivative (p~,q = 
0) of ~b.~ = 30 can be optimized to the same extent by reducing only 
threefold its particle size (to CbA~ = 10) than bv nontmiformlv distributing 
its enzyme up to a Peg = 0.95. 

In the present study the maximum heterogeneization reached has 
b e e n  pcq = 0.7. This has been obtained by using a low porosity of the 
support in the insolubilization reaction conditions, an activation method 
that gives high insolubilization rates and low enzyme loading that favor 
very unhomogeneous  enzyme distributions, but that are far from the 

Applied Biochemistry and Biotechnology VoL 14, 1987 



70 Guisan, Serrano, and Ballesteros 

conditions usual in the preparation of insolubilized enzymes on an in- 
dustrial scale. Therefore, more research is needed to improve the strate- 
gies (for example, much larger size of the support particles) to obtain 
more extremely heterogeneized, insoluble enzyme derivatives. 

NOMENCLATURE 

a~p Specific surface area (m2/cm3). 
D ~  Effective diffusion coefficiente of substrate (cm2/s). 

d r Average pore diameter (rim). 
EA~ Amount  of enzvrne insolublized per unit volume of de- 

rivative: average concentration corresponding to a uni- 
form distribution (~M). 

E(r) Enzyme concentration inside the derivative at a dis- 
tance t" from the center of the particle (~M). 

E(p) Enzyme concentration at an adimensional distance p 
from the center of the particle (~M). 

tip) E(p)/EA~. Adimensional enzyme distribution function in 
the derivative. 

~,,t Intrinsic catalvtic constant for the insolubilized enzyme 
(rain J). 

K~,, Intrinsic Michaelis constant for the insolubilized en- 
zyme (~M). 

1" Distance from the center of the particle (#m). 
R Particle radius (~m). 
S~ Substrate concentration in bulk solution (p~M). 

S(r) Substrate concentration inide the derivative at a dis- 
tance 1" from the center of the particle (I~M). 

v Actual reaction rate per unit volume in an insolubilized 
derivative (#M/min). 

Y S(r)/S~. 
p K;,,/So 
d) R(k'c~tE/K~,,D~.~r l'' 22. General formulation of Thiele 

modulus  in mixed enzymic reaction-internal diffusion 
kinetics. 

CbM R(k~,,~t �9 EM/K;,,D~e) 21 n. Thiele modulus corresponding 
to an insolubilized derivative in which the enzyme is 
homogenously  distributed. 

d)(p) R(k~,~t" E(p)/K;,,D~,,3sO58u21 '~- 
d)Sh ~bA,~(1 - p~) 1'2 Thiele modulus  corresponding to a dis- 

tribution of enzyme in a spherical segment 
(bapp of a heterogeneously distributed derivative is the 

Thiele modulus  corresponding to an uniformly distri- 
buted derivative, which has the same kinetic behavior. 

~q Effectiveness factor. 
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"111'170 

P 
Pc = Psh 

Pl 

Peq 

A.q(kin) 

p ,q(flu) 

Effectiveness factors corresponding to the limiting 
cases of first and zero order for enzymic kinetics. 
r/R Adimensional  distance from center of particle. 
Adimensional  distance for which there is no enzyme,  
in a particle of shell-type nonuniform derivative. 
Adimensional  distance for which there is no enzyme, 
in a linearly distributed derivative. 
p~ equivalent of nonuniformlv insolubilized enzyme, 
whatever  be the type of distribution. 
Po, obtained from the fitting of experimental kinetic 
data to the theoretical model. 
p,. obtained from scanning fluorescence microscopy. 
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