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ABSTRACT

Radiation-mediated grafting of polyacrolein onto polymethyl
methacrylate microspheres activated the particles for chymotrypsin
immobilization. Treatment of porous polystyrene/magnetite particles
with polyacrolein produced very small enzyme loading enhancement and
significantly increased substrate diffusional resistance. These
results nonetheless demonstrate the feasibility of obtaining grafted
materials and of vwtilizing this approach to-improve the capacity of
microspheres for protein immobilization.

Enzyme immobilization on a more conventional support material,
CNBr—activated Sepharose 4B, was studied extensively. Specific
activities and the amounts of active immobilized enzyme were
determined for several different preparations of e-chymotrypsin
immobilized on CNBr—activated Sepharose 4B. Electron paramagnetic
resonance (EPR) spectroscopy of free and immobilized enzyme with a
spin label coupled to the active site was used to probe the effects of
different immobilization conditions on the immobilized enzyme active
site configuration. Specific activity of active enzyme decreased and
rotational correlation time of the spin label increased with
increasing immobilized enzyme loading. Enzyme immobilized using an
intermediate six—-carbon spacer arm exhibited greater specific activity
and spin label mobility than directly coupled enzyme. The observed
activity changes due to immobilization were completely consistent with
corresponding active site structure alterations revealed by EPR
spectroscopy.

Vhen EPR spectra were recorded in the presence of indole, direct

evidence for the existence of two distinct forms of active
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a-chymotrypsin immobilized on CNBr—activated Sepharose 4B was
obtained. The indole EPR spectra of five different spin—-labeled
immobilized enzyme formulations were all resolved into the same two
spectral components. Both subpopulation spectra were approximately
identified experimentally, and the subpopulation exhibiting greatly
restricted spin—-label motion was shown also to be relatively
inaccessible to solvent. Using overall specific activity data and
subpopulation fractions from EPR spectralvanalysis, the specific
activity of the more constricted immobilized enzyme active form was
shown to be approximately fifteen times smaller than that of the other
class of immobilized enzyme molecules with an indole EPR spectrum
similar to that of chymotrypsin in solution. Variations in overall
specific activity of formulations with different loadings and
different supports result entirely from changes in the proportions of
the same two subpopulations of immobilized enzyme molecules.
Deactivation in aliphatic alcohols of a-chymotrypsin and o-
chynotrypsin—-CNBr Sepharose 4B conjugates was also studied by several
characterization methods. Active site titration measurements, which
were used to determine the amount of catalytically active enzyme,
revealed appreciable differences between the deactivation kinetics of
free and immobilized chymotrypsin. In-all cases for the immobilized
enzyme, the kinetics of active enzyme disappearance differed
significantly from first-order. Interestingly, the estimated
intrins{; activity of immobilized chymotrypsin remaining active after
different exposure times to 50% n—propanol solution increased somewhat

as a result of exposure to alcohol. These findings were complemented



by direct information, provided by EPR spectroscopy, on the effects of
alcohols on the active site configuration of spin—-labeled
chymotrypsin. EPR spectra of the free enzyme illustrated the
appearance in different alcohol solutions of different enzyme forms
with different active site structures. EPR experiments also showed
that denaturation of immobilized chymotrypsin was accompanied by
unfolding of the active site that followed similar multistep kiné£ics
as the loss of active enzyme.

Further insight into the degctivation in 50% n-propanol of
immobilized e-chymotrypsin was provided by analyses that focused on
the behavior of the two distinct active forms of immobilized enzyme,
designated here A and B, identified previously. Raw data provided by
EPR spectroscopy clearly show that the relative quantities of active
chymotrypsin—A and active chymotrypsin-B change as a result of
exposure to alcohol, with the relative gquantity of the B form
increasing with time. These and additional results provide evidence
that the distribution of A and B forms is a function of active emzyme
loading but independent of the means used to obtain the loading.
Different kinetic models in conjunction with experimental observations
consistently indicate that the activity of enzyme form B, by far the
more active enzyme form, does not change significantly during the
initial 60 min. of catalyst deactivation but then decreases
appreciably.

Finally, theoretical analyses of enzyme immobilization, more
general in scope than the a-chymotrypsin work, were also performed.
Enzymes are often immobilized on the internal surfaces of porous solid

supports by immersing enzyme—free particles in a well-mixed soclution
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of enzyme. The ensuving impregnation process involves coupled
transient mass transfer and surface attachment of enzyme.
Mathematical models were employed to explore the influences of process
parameters on the amount of enzyme loaded and the distribution of
immobilized enzyme within the support particles. Nonuniform loading
of the support occurs under some conditions, particularly wken
diffusion of unattached enzyme through the support is restricted by
the large size of the enzyme relative to the accessible cross-—
sectional area of the support’s pores. This is significant since the
distribution of enzyme within the support particle influences the
overall activity and stability of the immobilized enzyme catalyst. The
models developed here may also be used to describe removal of
reversibly immobilized enzyme during washing or utilization of the

immobilized enzyme catalyst.
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INTRODUCTION

Immobilized enzymes, defined here as enzymes bound to or confined
within a macroscopic support matrix, have been the focus of a great
deal of research over the past two decades. Originally devised as
model systems for membrane—-bound enzymes in vivo, immobilized enzymes
were quickly recognized for their potential as commercial catalysts.
Since that time immobilized enzyme technology has grown rapidly and is
now highlighted by successful applications of immobilized emzyme
systems in large—scale processes, including isomerization of glucose
with immobilized glucose isomerase and resolution of amino acids with
immobilized aminoacylase. A comprehensive review of immobilized
enzyme applications is not the objective of this work the interested
reader should consult the monographs by Zaborsky1 and Godfrey and
Reichelt.2 Although the current number of commercial applications for
immobilized enzymes falls below initial expectations, the outlook for
immobilized enzyme technology remains promising. In fact, with
recognition that recombinant DNA technology and genetic engineering
will soon enable naturally occurring enzymes and perhaps even custom—
made' enzymes to be produced more rapidly and more economically than
ever before, current interest in immobilized enzyme catalysis is
exceptionally high.

In many ways, however, enzyme immobilization and immobilized
enzymes_are very poorly understood. Despite prolonged research
interest and despite the voluminous amount of published literature on
various aspects of immobilized enzyme technology (protocols for

immobilizing enzyme x on support y are particularly common), it is



still not possible to predict in advance the performance of an
immobilized enzyme catalyst knowing the properties of the enzyme in
solution and the immobilization method used. The expertise required
to infer from such information the properties of an immobilized enzyme
catalyst no doubt involves greater understanding of bow the
preparation and configuration of the catalyst's microstructure
infleence the apparent properties of the enzyme molecules, and of how
the intrinsic properties; i.e., activity, selectivity, and stability,
of the enzymes are affected by immobilization. The present work
addresses these matters for selected model systems in order to cobtain
a greater fundamental understanding of enzyme immobilization and to
establish guidelines and methodology for similar studies of additional
systems by future investigators.

The format of this thesis eliminates the need for an elaborate
and detailed introduction. The work is presented in three sections,
each of which is comprised of chapters. Each chapter contains a
separate introduction describing the motivation for part of the work
and summarizing related studies.

The first section deals with intrinsic properties of immobilized
a-chymotrypsin. Intrinsic properties include kinetic parameters and
structural features of immobilized enzyme molecules determined under
conditions where physicochemical events that disguise immobilized
enzyme behavior; i.e., external and internal diffusion limitations,
concentration and pH gradients, and so forth, are either absent or
easily accounted for. This section also describes in detail the use of
electron paramagnetic resonance (EFR) spectroscopy to study the

confignration of immobilized enzyme active sites. More than any other
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technique described, EPR spectroscopy has provided valuable insights
at the molecular level into the structure and function of immobilized
chymotrypsin, and warrants far greater attention in future studies of
immobilized enzymes than it has received to date.

Section II applies the strategies and methods presented in
Section I to examine deactivation in aliphatic alcohols of immobilized
chymotrypsin preparations. Here again the level of understanding
obtained significantly exceeds previouns standards, and EPR
spectroscopy has played an indispensable role. For the first time
known to the author, deactivation of individual immobilized enzyme
subpopulations has been studied and characterized, and in the process
rmechanisms that govern the overall behavior of immobilized enzyme
catalysts in denaturing environments have been defined in considerable
detail.

Finally, the third section addresses the theory of enzyme
immobilization in porous materials. In order to immobilize enzymes in
a controlled or predetermined fashion and formulate optimal catalysts
that meet specific requirements, knowledge of how and why
immobilization affects the intrinsic behavior of enzymes is essential.
Bowever, the overall activity of an immobilized enzyme catalyst often
is a function of additional parameters, especially if the support is a
porous matrix, whichk is often the case. For example, if very active
enzymes are loaded uniformly throughout a porous support, conversion
of substrate will be limited to the outer region of the catalyst and
much of the attached protein will be wasted. It is therefore
necessary for the enzyme engineer to be able to control the

distribution of enzyme immobilized in a porous carrier, and it is to
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this end that the mathematical models described in Section III are

directed.
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PART I1: INTRINSIC PROPERTIES OF IMMOBILIZED CHYMOTRYPSIN CATALYSTS

CHAPTER 1: ENZYME IMMOBILIZATION ON GRAFTED POLYMERIC
HICROSPHERES



INTRODUCTION

Treatment of solids to render their exposed surfaces more
suitable for enzyme and other biomolecule attachment is a strategy
that dates from initial efforts to immobilize enzymes and prepare
affinity adsorbents. Recently, this theme has been expanded by
addition of a microscopic or molecular layer of carrier molecules to
an insoluble core that serves as the mechanical carrier for the
complex. Examples of this approach include the pellicular catalysts
proposed and demonstrated by Eorvafhl and studied further by other
investigators.2“4 Also, several recent studies report grafting of
various polymers onto other polymer carriers to formulate useful
immobilizaetion media with separately controlled and optimized bulk and
surface properties§"7

In this work, radiation—induced grafting of polyacrolein to
various polymer microspheres, including magnetic carriers, is
investigated. The purpose of this work is to explore the feasibility

of obtaining such grafted materials and of vtilizing this approach for

improving the capacity of microspheres for protein immobilization.

METHODS

Radiation Grafting of Acrolein

Acrolein was grafted on polymeric spheres of various compositionms
and sized by means of ionizing rdiation. The radiation grafting
resulted in hybrid spheres; i.e., small polyacrolein (PA) spheres on
the surface of large spheres. The latter consisted of polystyreme or

polymethyl methacrylate (PMMA). The size of the grafted PA spheres
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depended on the amount of surfactant (sodium dodecyl sulfate) present
in the reaction medium. An example of formation of hybrid spheres is
as follows: Polymethyl methacrylate spheres of 10 pm diameter (50 mg)
were suspended in distilled water (10 ml) containing freshly distilled
acrolein (0.5 g) and sodium dodecyl sulfate (20 mg). The
suspension was irradiated in a COY sounrce (0.2 Mr/hr) for
1/2 hour. For high density coverage the radiation was repeated
several times. Preformed polymeric spheres with PA grafted on the
surface were isolated by centrifugation (500xg for 10 min) and
repeatedly washed with distilled water until the supernatant became
clear., Transmission and scanning electron microscope studies of the
surfaces of hybrid spheres revealed that PA microspheres grafted under
these corditions were about 20-30 nm in diameter. For control
experiments an equal amount of preformed spheres was irradiated in the

absence of acrolein.

Preparation of Immobilized Emnzymes
All enzyme immobilizationm reactions were performed at rcom

temperature in 0.1 M NaHCOs, 0.5 K in NaCl, pH 8.3.

Nonmagnetic Hicrospheres

5 ml of c—chymotrypsin (CT) solution (2 mg/ml) was added to a
15 m1 Nalgene centrifuge tube containing a suspension of 105 mg
polymer wmicrospheres in 5 ml NaHCO; buffer. The reaction vessel was
then rotated end-over—-end on a Cole Parmer Eeavy Duty Rotor for 3 hr.
After this coupling reaction the reaction mixture was spun down for

10 min at speed 50 in an Adams Dynac centrifuge, and the enzyme
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solution was decanted and replaced by 10 ml of coupling buffer.
Following brief agitation on a Thermaline MaxiMix vortex mixer, the
microspheres were again spun down in the centrifuge and the
bicarbonate buffer decanted. This washing procedure was then repeated
using 10 ml 0.1 M acetate buffer, 1 M NaCl, pH 5, after which Lowry's
method8 detected no residual enzyme in the supermatant. The final

product was stored in 10 ml 0.1 M phosphate buffer, 1 M NaCl, pH 7.3,

at 4°C.

Kagnetic Hicrospheres

The immobilization and washing procedures were the same as above
except that 2.5 ml enzyme solution (2 mg/ml) was added to a suspersion
of 50 mg microspheres in 2.5 ml buffer. The reaction time for samples
K through N-1 was 3 hr. For N-2 the reaction time was 4 hr, and at 3

hr and 3.5 hr 1 mg NaBH7 was added to the reaction mixture.

Determination of the Amount of Active Enzyme on the Support

The concentration of active immobilized a—-chymotrypsin was
determined by active site titration with MUTMAC. The procedure used
for the nonmagnetic microspheres was identical to that described in
Clark and Bailey,9 while the magnetic microspheres required the
following modifications: 200 pl of a well-stirred immobilized enzyme
suspension (10.5 mg/ml) was added to a solution of MUTMAC in phospkate
buffer. ~The reaction mixture was then shaken vigorously for 1 min and
filtered through a Millipore Swinnex filter (0.3 pm cellulose ester
filter), and the fluorescence of liberated product recorded. Controls

were also ron to determine the amounts of 4-methyl umbelliferone
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adsorbed by the support materials, which for the magnetic microspheres

proved to be significant (0.056-0.12 pmols/gm).

Determination of Immobilized Enzyme Activity

Activity measurements were carried out in a recirculation reactor
of the type described elsewhete.9 The nonmagnetic catalysts were
assayed with 1 mM N-acetl-L-tyrosine ethyl ester (ATEE) in 0.1 M
borate buffer, pH 8.6, at 39°C. The reaction rates of the magnetic
catalysts were measured with 1 mM ATEE in 0.1 M phosphate buffer, 1 M

NaCl, pH 7.3, at room temperature.

BESULTS

The general approach used here consists of grafting polyacrolein
particles to larger polymer microspheres (1.2 ym, 6.5 pm, and
10.0 pym O0.D.) to produce conjugate materials with reactive surfaces
for enzyme immobilization. The polyacrolein particles contain surface
aldehyde groups which react with the terminal g—amino group and/or
exposed lysine residues on proteins. Depending on the pore structure
of the support beads, two types of immobilized enzyme catalysts can be
prepared. If the'pores of the support polymer are smaller than the
diameter of the polyacrolein particles, pellicular catalysts, with a
thin coating of reactive material on top of an inert core, result from
the grafting/enzyme—coupling sequence. Conversely, catalysts in which
the poly;crolein—bound enzyme is distributed more uniformly throughout

the support can be made by using polymer beads with larger pores.

Both strategies have been employed in this work, the former using
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nonmagnetic polymer supports and the latter using magnetic polymer

beads.

Nonmagnetic Polymer Hicrospheres

Attempts were made to graft polyacrolein to
polymethyl methacrylate (PMMA, diameter 1.2 pym and 6.5 pm),
polystyrene (diameter 1.2 pm), and Sephadex G-25 microspheres
(diameter ~ 20-80 uym, pore diameter ~ 40 X). a-chymotrypsin
(diameter ~ 40 A) was then coupled to each of the above polyacrolein—
coated materials., Because polyacrolein—PMMA gave by far the largest
activity per unit weight of solid, this system was chosen for further
study.

Figure 1 shows SEM photographs (x20,000) of a 6.5 pm PMMA bead
before and after treatment with polyacrolein. The pellet on the left
has a relatively smooth surface, whereas the pellet on the right has
extensive surface coverage of polyacrolein,

The effects of increasing exposure of PMMA beads to polyacrolein
on the amounts of chymotrypsin immobilized are given in Table 1,
These results illustrate that increasing the exposure period for
polymer grafting increases the amount of enzyme that can be
subsequently immobilized. The largest loading obtained, 1.1 mg active
enzyme/g support, translates to an estimated total loading value of
1.8 mg total enzyme/g support, since active site titration of enzyme
in solution revealed only 60% of the enzyme was active before
immobilization., 1.8 mg/g is also the estimated monolayer coverage of
a 25,000 dalton protein on a nonporous 6.5 pm sphere. These data

indicate that the particle is completely saturated with immobilized
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enzyme and that the immobilization process has not completely

inactivated any of the chymotrypsin.

Porous Magnetic Materials

The applicability of the polyacrolein grafting technique to
enzyme immobilization on porous magnetic material (polystyremne +
magnetite) was investigated. Results givem in Table 2 indicate that
these particles adsorb enzyme without polyacrolein pretreatment, and
that treatment with polyacrolein results in only modest increase in
the amount of enzyme loaded (within experimental error)., Unlike the
PMMA spheres, the magnetic spheres have pores large enough for
chymotrypsin and polyacrolein to penetrate, Higher enzyme loadings
per unit weight of catalyst were thus possible with the magnetic beads
than with the PMMA beads.

There are two particularly interesting results of Table 2.
First, the enzyme loading after pretreatment with four thirty-minute
3
exposures to polyacrolein (sample N-7) is lower than the loading after
two thirty-minute exposures (M). This is possibly due to clogging of
the magnetic material’s pores by polyacrolein microspheres at longer
exposure times, making the interior portiom of the support particle
less accessible to enzyme. This result indicates that there is an
optimal pretreatment procedure to obtain the maximum enzyme loading.
Second, treating the immobilized enzyme with NaBH4 decreases the
enzyme loading. Treatment with a mild reducing agent such as NaBH,
should reduce, and stabilize, covalent bonds between lysine residues
on the enzyme and aldehyde groups on the polyacrolein, i.e., Schiff's

base linkages. Chymotrypsin removed from the support during this
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process could well be enzyme that was only adsorbed, not covalently
bound, to the surface.

Kinetic studies were conducted of preparation K, in which
chymotrypsin is adsorbed on the polystyrene/magnetite microspheres,
and immobilized chymotrypsin preparation M, in which the polymer
microspheres were exposed to irradiation and acrolein prior to enzyme
immobilization, The resulting data are plotted in Eadie-Hofstee form
in Fig. 2. Kinetic data for the adsorbed chymotrypsin fall
approximately on a straight line,‘from which the apparent kinetic
parameters listed in Table 2 were evaluated. The data for
chymotrypsin immobilized after polyacrblein pretreatment exhibit the
curvature at small reaction rates expected for diffusion-limited
systems. The portion of this data which is approximately described by
a straight line, extrapolated by the dashed line for small v wvalues,
was used to evaluate the apparent kinetic parameters.

Using methods proposed previously by Kasche and Bergwalllo, the
diffusion—-influenced data for the covalently coupled system were used
to estimate the effective diffusion coefficient for ATEE substrate in
the chymotrypsin—acrolein—magnetic microsphere preparation. The
resulting value,75.6110~7 cmzs_l, is ten times smaller than the
estimated diffusivity of substrate in solution (for comparison, the
estimated’ ATEE effective diffusivity in a chymotrypsin-Sepharose 4B
conjugate is 3.82107% ¢m?/s). This finding is consistent with the
earlier observation that total enzyme loading is reduced with
prolonged exposure to polyacrolein for the porous, magnetite

containing microsphere.
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Figure 1:

Figure 2:
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Comparison of PMMA beads (6.5 ym diameter) before (top) and

after (bottom) exposure to polyacrolein (4x1/2 hr., s:ze

Methods).

Eadie—Hofstee plot of kinetic data for chymotrypsin
immobilized on polystyrene/magnetite microspheres with (A)

and without (0) polyacrolein pretreatment.
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CHAPTER 2 STRUCTURE FUNCTION RELATIONSHIPE
IN IMMOBILIZED CEYMOTRYPSIN CATALYSIS

(The text of Chapter 2 consists of an article as it appears in
Biotechnology and Bioengineering, 25, 1027, 1983.)
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Structure-Function Relationships
in Immobilized Chymotrypsin Catalysis

DOUGLAS S. CLARK and JAMES E. BAILEY, Department of Chemical
Engineering, California Institute of Technology. Pasadena, California 91125

Summary

Specific activities and the amounts of active immobilized enzyme were determined for several
different preparations of a-chymotrypsin immobilized on CNBr-activated Sepharose 4B. Elec-
tron paramagnetic resonance (EPR) spectroscopy of free and immobilized enzyme with a spin
label coupled to the active site was used to probe the effects of different immobilization condi-
tions on the immobilized enzyme active site configuration.. Specific activity of active enzyme
decreased and rotational correlation time of the spin label increased with increasing immobi-
lized enzyme loading. Enzyme immobilized using an intermediate six-carbon spacer arm ex-
hibited greater specific activity and spin label mobility than directly coupled enzyme. The
observed activity changes due to immobilization were completely consistent with corresponding
active site structure alterations revealed by EPR spectroscopy.

INTRODUCTION

The question of how immobilization can affect the physical and chemical
properties of enzymes has received considerable attention in the past decade.
Enhanced stability of enzymes to thermal denaturation upon immobilization
has been reported in several cases,’™* and recently efforts have been made to
understand further and optimize these effects by comparing the stabilities of
enzymes immobilized by different methods to a wide variety of support
materials.>® In addition to studies of this nature, there are many articles, pri-
marily theoretical, which describe possible influences of mass transfer of
substrates and products on overall reaction rates of enzymes immobilized to
solid supports. Graphical methods for extracting the intrinsic kinetic
parameters of immobilized enzymes from diffusion-limited data have been
outlined,”8 as well as solutions to the appropriate diffusion-reaction bound-
ary value problems for various support geometries and reaction kinetics. %!

Past works have not often addressed the fact that transport limitations and
changes in the molecular properties of enzymes induced by immobilization
can occur simultaneously and cause significant differences in the behavior of
bound enzymes compared to enzyme characteristics in solution. In order to
gain a greater understanding of how immobilized enzymes function and how
enzymes are affected by the immobilization process, it is important to deter-

Biotechnology and Bioengineering, Vol. XXV, Pp. 1027-1047 (1983)
€ 1983 John Wiley & Sons, Inc. CCC0006-3592/83/041027-21%03.10
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mine carefully intrinsic kinetics of immobilized enzymes and to probe more
fully the influences of immobilization of enzyme structure and function. It is
to these ends that this study is directed.

In this work the intrinsic activity and kinetic parameters of a-chymotryp-
sin (CT) covalently coupled to spherical Sepharose particles were deter-
mined. By varying the amount of enzyme present in the coupling solution,
the enzyme loading of the particles was controlled to determine if the specific
activity of the immobilized enzyme decreases as the protein content of the
conjugate increases. This result was originally reported by Axén and Ern-
bach!? and later by Koch-Schmit and Mosbach.!? However, in the latter case
the effects of increasing immobilized protein content and multipoint attach-
ment were not clearly distinguished, and in neither case were diffusional lim-
itations, which were found to be significant here under similar assay condi-
tions, taken into account. Furthermore, in both of those studies the specific
activity calculations were based on the total amount of bound protein instead
of the total amount of active protein, which in the case of CT has been
reported to be reduced by immobilization.! This research addresses all of
these points.

Also undertaken was a comparison of the active site regions of enzyme con-
jugates of different specific activities. Direct physical methods are commonly
used to study the structures of both crystalline and dissolved proteins but
there are only a few examples of the application of such techniques to immo-
bilized enzyme systems. !13.15-18 A spin-labeled sulfonyl fluoride developed by
Wong et al.!® has been employed to see if changes in the kinetic parameters
of immobilized CT can be explained in terms of structural information pro-
vided by electron paramagnetic resonance (EPR) spectrdscopy and the con-
formational dynamics exhibited by CT in its normal reaction sequence. Data
which relate reduced activity to variations in the active site environments of
immobilized CT preparations are reported. Finally, the effect of inserting a
six-carbon spacer between the enzyme and the support surface was examined
while taking into account the influence of transport limitations and protein
loading on enzyme activity.

MATERIALS

The a-chymotrypsin (from bovine pancreas, three times recrystallized,
salt-free), N-acetyl-L-tyrosine ethyl ester (ATEE), 4-methylumbelliferyl-p-tri-
methyl ammonium cinnamate chloride (MUTMAC), 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide HCl, and fluorescein isothiocyanate isomer 1
(FITC) were obtained from Sigma. 6-aminocaproic acid, 2,2,6,6-tetramethyl-
1-oxyl-4-aminopiperidine, m-fluorosulfonyl benzoyl chioride, and indole
wese purchased from Aldrich. Sepharose 4B preactivated with CNBr was a
product of Pharmacia Fine Chemicals. Inorganic salts and all buffer sofu-
tions components were analytical grade reagents. Distilled water, deionized
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by passage through two Research IonXchanger Model 2 columns supplied by
1llinois Water Treatment Co., was used throughout.

METHODS
Preparation of Immobilized Enzymes

‘Covalent attachment to CNBr—Sephai'();e 4B

The a-chymotrypsin was covalently coupled to CNBr-Sepharose 4B as
recommended by Pharmacia.20 The freeze-dried gel (500 mg) was washed
with 100 mL ImM HCI. The activated gel was then transferred to a 25-mL
scintillation vial and mixed with 5.0 mL 0.1M NaHCO; buffer solution,
0.5M in NaCl, containing the appropriate amount of enzyme. The weight/
weight ratio of enzyme to gel was varied from 0.1 to 0.00125 to effect different
active enzymne loadings. The reaction mixture was slowly rotated end-over-
end on a Cole-Parmer Heavy Duty Rotor for two hours at room temperature.
After completion of the coupling reaction, the conjugate was washed in a
Millipore 13-mm ultrafiltration cell with three washing cycles. Each cycle con-
sisted of a 6 mL/min wash at pH 5 (150 mL 0.1M acetate buffer containing
1M NaCl) followed by a similar wash at pH 8 (0.1M borate buffer containing
1M NaCi). The final product was stored overnight in mildly alkaline
0.1M phosphate buffer (pH 7.4) to hydrolyze any residual coupling groups on
the gel surface, then transferred to acetate buffer, 1M NaCl, pH 5, for storage
at 4°C.

Covalent coupling to w-aminocaproyl-Sepharose 4B

Acid-washed CNBr Sepharose 4B (500 mg) was rotated end-over-end in a
1M solution of 6-aminocaproic acid in 0.1M NaHCOj3, 0.5M NaCl, pH 8, for
three hours at room temperature. After overnight storage in the alkaline
ligand solution to ensure deactivation of any remaining coupling groups, the
w-amino-caproyl-Sepharose (CNBr-6C) was washed with 200 mL coupling
buffer and added to 5 mL H,O (adjusted to pH 4.75 with HCI). Ninety-six
milligrams 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride
was then slowly added to give a final carbodiimide concentration of 0.1M.
After 30 min of end-over-end rotation, the gel was washed quickly (1-2 min)
with ice cold water, then rotated as above in S mL «-CT solution (10 mg en-
zyme/mL), pH 4.75, for 12 h at room temperature. After completion of the
coupling reaction the conjugate was washed as previously described. then
stored in acetate buffer at 4°C.

Determination of the Amount of Functional Enzyme
- Bound to the Support Matrix

The concentration of active immobilized enzyme was determined by active
site titration with MUTMAC. Fluorescence measurements were carried out
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in a Turner Model 430 Spectrofluorometer in 1-cm cuvettes. The samples
were illuminated at 356 nm, and emission was recorded at 451 nm. The titra-
tion procedure reported by Gabel'* was modified slightly by adding 250 uL
0.2mM MUTMAC solution in water to 3.0 mL potassium phosphate buffer
(pH 7.3, 1M NaCl) to establish a baseline. 100-300 pL of a well-stirred im-
mobilized enzyme suspension (20 mg/mL) was then added and the fluores-
cence of liberated 4-methylumbelliferone followed with time. At least two
different amounts of conjugate were used for each titration, and the average
difference in each determination was found to be +4.4%. The amount of
4-methylumbelliferone liberated was independent of the concentration of
MUTMAC and of pH in the range tested (7.3-8.5).

Determination of Enzyme Activity

Large (R = 60 pm) particles

The reaction rate v, of immobilized a-CT with ATEE was determined in
a differential recirculation reactor of the type described by Ford et al.?!
equipped with a 10-cm water jacket for temperature control. In a typical
assay, 5-10 mg of immobilized enzyme was retained in a Millipore 13-mm
ultrafiltration cell by a stainless-steel screen and a cellulose ester filter with
mean pore diameters of 8 um. The substrate solution (ImM ATEE in 0.1M
phosphate buffer, pH 7.3, 1M NaCl) was passed through the packed-bed
reactor into an open reservoir and recirculated by a Cole-Parmer Masterflex
variable speed pump through a l-cm constant temperature flow-through
cuvette where the change in substrate absorbance was recorded at 238 nm
with a Bausch & Lomb Spectronic 21 UV-Visible spectrophotometer. The
total volume of substrate solution ranged from 6.5 to 8.5 mL. The amount of
immobilized enzyme used in the reactor ensured that the conversion never
exceed 2% per pass, and the recirculation flow rate (usually 20 mL/min) was
high enough to eliminate film diffusion resistance. Three different amounts
of immobilized enzyme were used for each rate determination and the stan-
dard deviation of the results never exceeded 10%.

Small (R = 10 pm) particles

The large (R = 60 um) support beads of a well-stirred immobilized en-
zyme suspension were ground up in a Thomas Teflon pestle tissue grinder,
size B, packed in ice to eliminate heat effects. The pestle rod was inserted
into the chuck of a Fisher Dyna-Mix mechanical stirrer and rotated in the
grinding vessel at high speed for fifteen minutes to achieve adequate particle
size reduction. The reaction rates of the small particles were determined as
described above except that cellulose ester filters with smaller pore diameters
(1.2 pm) were required to retain the catalyst in the reactor bed, and lower
recirculation flow rates (6-15 mL/min) had to be employed in some cases.
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Preparation of Spin-labeled Enzyme Derivarives and EPR Measurements

The procedures described by Wong et al.!® were employed to prepare the
spin-label m-IV, and to spin-label o-CT in solution. One hundred milligrams
of the immobilized enzyme was spin-labeled at room temperature in 2-mL
phosphate buffer, pH 7.3, containing a fivefold molar excess of an
acetonitrile solution of m-1V. After 30 min a similar concentration of spin
label was added and the reaction continued with gentle stirring for 30 min
more. The final organic solvent concentration in the mixture was ca. 9%
(v/v), as in the case of the free-enzyme labeling procedure referenced above.
After completion of the labeling reaction the gel was washed exhaustively
with 1mM acetic acid to remove excess spin label. A typical washing pro-
cedure consisted of a rinse with 200-mL acetic acid. followed by washes with
250 mL acetic acid in a recirculation system (6 mL/min) for successive 4-,
12-, and 2-h periods. The appropriate controls showed that no spin label re-
mained adsorbed on the surfaces of the supports used in this study after such
a treatment. The gel was then transferred via a syringe to a 1.5 X 90 mm
capilary tube for immediate EPR analysis. For an indole experiment, the gel
was rinsed briefly with a 12mM solution of indole in 1mM CH;CO,H before
the spectrum was taken. The EPR spectra were recorded at the X band using
a Varian E-Line Century Series EPR Spectrometer interfaced to a Digital
Equipment Corp. PDP-8/A minicomputer.

Visualization of Internal Enzyme Distribution

The «-CT was coupled to CNBr-Sepharose 4B {0.1 (w/w) enzyme to gel
ratio] and the product washed as described above. Five-hundred milligrams
of the conjugate containing ca. 0.64 pmol active immobilized CT was then
reacted at room temperature for 12 h with a tenfold molar excess of FITC
dissolved in 20 mL 0.1M NaHCOj;, 0.5M NaCl, pH 8.5. The gel was then
rinsed with 200 mL coupling buffer and washed in a recirculation system as
follows: 2 X 200 mL coupling buffer for 2 h, 200 m! ethanol for 1 h, and 200
mL z-butanol for 2 h. The gel was then embedded ina1 X 2 X 1in. block of
melted paraffin encased in aluminum foil, and stored at 4°C overnight. After
solidifying, the block was cut into 10 um thick slices with a microtome. then
viewed with an Olympus BHB microscope equipped with a 100-W incident
fluorescence illuminator. The sample was illuminated through an FITC bar-
rier filter and viewed at wavelengths greater than 515 nm. Similar methods
have been employed for examination of entire immobilized enzyme
particles. 2

INTRINSIC KINETICS STUDIES

Because of mass transport resistances, the measured overall kinetic prop-
erties of an immobilized enzyme catalyst pellet may differ from the true
kinetics of the immobilized enzyme.”-#22.23 The latter, called here intrinsic
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kinetics, characterizes the local relationship between catalytic activity of the
enzyme and the substrate concentration in the enzyme’s immediate environ-
ment. It is important to determine intrinsic kinetic properties for several
reasons. First, these reflect directly the effects of immobilization upon
catalytic activity of the enzyme. Also, once the intrinsic kinetics are known,
the effects on the overall reaction rate of changes in external substrate con-
centration, use of different catalyst particle sizes, and changes in flow field
around the particle may be calculated with some confidence.’

One way to identify the existence of mass transport effects on measured
rates is nonlinearity in Eadie-Hofstee or Lineweaver-Burk plots.”2%26 As
shown in Figure 1, kinetic data for immobilized CT obtained in this study
clearly manifests such behavior. Intrinsic kinetic data may be determined in
such cases by reducing the catalyst particle size sufficiently. A series of ex-
periments was conducted with Sepharose particles after different degrees of
grinding until the observed reaction rate was independent of particle size.

Artifacts can arise in use of this procedure if the distribution of enzyme
within the porous particles is spatially nonuniform. Direct justification of im-
mobilized enzyme spatial uniformity was obtained by photographing, under
fluorescent light, thin (10 um) slices of CNBr-Sepharose to which FITC-
labeled CT was attached. This method reveals directly the approximate
distribution of immobilized enzyme within the porous support. The enzyme
functional groups most likely to react with the carboimidoesters of the sup-

V/So Py €, (sec! mM™)

[¢] i 1 i N
o} 50 lele} 50 200 250

v/p, e, (sec™')

Fig. 1. Experimental determination of K. k. and ¢: (*) large catalyst particles and ()
small catalyst particles).
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TABLE 1
Intrinsic Kinetic Properties of Chymotrypsin in Solution and Immobilized in Sepharose 4B

qE
< pmol ATEE ) K, ko k,
Sample pmol active CT s (mM) (s™hH (mM s
Free CT 163 + 6.2 0.73 = 0.03 311 = 17 426 + 41
CNBr-1 115+ 12
CNBr-6C 68.7 = 9.3 26 £+ 0.5 213 £ 29 82 + 27
CNBr-5 31.0 = 3.2 1.7 £ 0.07 82+5 48 + 4.9

port surface are also among those most likely to complex with the FITC, so
conceivably the loading distribution of FITC-labeled CT may differ from that
of unlabeled CT. Consequently, the CT was labeled after the immobilization
was complete in order to preserve the enzyme’s full complement of potential
coupling groups during its reaction with the support. Control experiments
with enzyme-free support demonstrated that nonspecific labeling of the sup-
port by FITC does not occur. All labeled immobilized enzyme sections pro-
duced uniform fluorescence, confirming uniform distribution of immobilized
CT throughout the porous Sepharose particles.

Intrinsic kinetic parameters determined using ground particies are listed
in Table 1 along with kinetic parameters for the enzyme in solution. These
results clearly show that the intrinsic specific activity of active enzyme (recall
that the amount of active enzyme was determined in separate active site titra-
tion experiments) decreases upon immobilization. This decrease is less when
a spacer arm is used between the solid and the immobilized enzyme. Probes
of the molecular basis for these resuits will be described below.

Experiments with these ground particles were inconvenient. The small
particle size of the ground particles made it difficult to achieve sufficiently
high flow rates through the packed bed to eliminate external mass transfer
resistances; clogging of the filter supporting the catalyst bed was a frequent
problem. As a result, an alternate approach for determination of intrinsic ac-
tivities of the immobilized enzyme was applied for these and other catalyst
preparations.

Using the mathematical description of simultaneous diffusion and reac-
tion within an immobilized enzyme pellet, methods have been proposed for
estimating intrinsic activities from overall kinetic data.?”-?* While the equa-
tions involved are well known, they will be summarized briefly here so that
the assumptions and parameters involved are explicitly displayed. Since CT
in solution with ATEE substrate exhibits Michaelis-Menten kinetics, it will
be assumed here that the same form applies for immobilized CT so that the
rate v per unit volume of catalyst (pmol ATEE cm ™3 s71) is given by

(s) = VmaxS
T KL+ ()
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The maximum velocity parameter v, may be expressed as the product of
the active enzyme loading e, (umol active CT/g Sepharose), the particle den-
sity p, (g Sepharose/cm? Sepharose), and the active enzyme specific activity
g g (umol ATEE s™! umol active CT1):

Vmax = €aPpdE- 2

Obviously, the support used and the immobilization method can influence e,
and thus v.,,. However, data presented in Table I clearly show that im-
mobilization can also alter the intrinsic specific activity of active enzyme g¢
and the intrinsic Michaelis constant K, of the immobilized enzyme.
The dimensionless steady-state material balance of a single rate-limiting
substrate in a spherical particle of radius R is given by
d’%s 2 ds vR? 9925

d;’Z r dr Deffs() 1+ ES ( )

where 5, r, and (8 are defined by
§=s/5 r=r/R B =s¢/K,, (4)

sg is the substrate concentration in the bulk liquid surrounding the sphere,
and the Thiele modulus ¢ is defined by

R vmax 1/2
= (e 5
®=3 (KmDm) ®)

As mentioned in the Methods section, external film diffusion does not signifi-
cantly influence the observed reaction rates under the conditions of these ex-
periments so that appropriate boundary conditions for eq. (3) are:

a5

S—I;I’ = 1; d;'—

=0 6)

F=0

The observed overall reaction rate vy, per unit volume of immobilized en-
zyme is given by

ny — —

— vmaxs(r) —

Vops = 3 \ ri——————dr

Tl 5+ 87!
This rate is traditionally presented in dimensionless terms using the effective-
ness factor n defined by

)

A (observed rate) Vabs
n= =

(8)

(rate evaluated under bulk - v(s,)
fluid conditions)

Explicit relationships for overall rates in terms of Michaelis-Menten in-
trinsic kinetic parameters are provided for slab geometry by the correlations
of Atkinson and Davies™:
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_ tanh ¢ [ 1/9p __1]; R
A ¢ tanh (1/9p) Np
7,8 = (9
_ tanh ¢ [ 1 “1]' __1__>1
D ® tanh (1/9p) omp
where
np = V2 (1 :56> {8 — In(1 + B)]"2 10)

Since effectiveness factor/Thiele modulus relationships are known to be
quite insensitive to particle geometry provided that appropriate definitions of
¢ are employed.10 egs. (9) and (10) will closely approximate the exact rela-
tionships for spherical particles.

It is appropriate at this point to review the following assumptions that have
been made in the preceding treatment of internal diffusion effects on the
overall rate of reaction within the particles: 1) the immobilized enzyme is
uniformly distributed throughout the particle, 2) the transport of substrate
through the support is described by a Fick's law form relating the diffusive
flux to the substrate concentration gradient, and the effective diffusivity D«
of substrate in the pores of the support is a constant, 3) the reaction occurs at
uniform temperature and pH throughout the catalyst pellet, and 4) pressure
and electrostatic effects are negligible. The hydrolysis of ATEE by im-
mobilized chymotrypsin in an aqueous solution of high buffering capacity
and high ionic strength makes assumptions 3 and 4 reasonable, and im-
mobilized enzyme spatial distribution visualizations mentioned earlier con-
firm assumption 1 for this immobilized enzyme system.

Consistency of assumption 2 and indeed the complete mathematical mod-
eling framework given above can be demonstrated by comparing calculated
and measured quantities for several different reaction conditions. Such com-
parisons have been undertaken previously, confirming the suitability of the
diffusion-reaction model above for relating intrinsic and overall kinetic
properties of those immobilized enzyme catalysts.3!-32 Especially noteworthy
in this regard are the studies of Atkinson et al.3! in which the centerline pH
was also measured and shown to be consistent with model simulations. The
success of the diffusion-reaction model for interpreting experimental data in
this study will be considered next.

Using egs. (3), (5), and (8), an independent equation may be derived
relating 7, ¢, 8, and the observable modulus $:

&1+ 8)

7(¢, B, &) = Py

(1n
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The observable modulus &, defined for spherical pellet geometry as

A Vobs R\2
== e —_— A 12
¢ DeffSO < 3 ) ( )

is so named because it contains only the measured overall rate and not intrinsic
rate parameters.

Equations (9)-(12) provide the basis for estimating intrinsic immobilized
enzyme activity based upon overall rate measurements: after estimating D,
evaluate $ using the known R and measured s, and v, values. It is known
that n is much more sensitive {o a ¢ value than to a 8 value.?? Consequently,
assume a reasonable 3 value by use of a K, value in the general range given
for free and immobilized CT in Table 1. Substitute this 8 value in egs. (9) and
(11) and the & value in eq. (11) and equate the results, giving a single equa-
tion that can be solved for ¢ numerically. Then, evaluate » using eq. (11),
and determine the intrinsic rate at the bulk substrate concentration using
eq. (8). Combining this with active site titration results allows evaluation of
the active immobilized enzyme specific activity g, at the bulk fluid substrate
concentration.

An essential element of the above procedure is determination of the pa-
rameter D . The value of D4 was estimated using eq. (5) and the value of ¢
obtained for one immobilized CT preparation from the intercepts of the
Eadie-Hofstee plots in Figure 1.8 From these data a value of 3.8 X 107°
em?/s for the effective diffusivity of ATEE in Sepharose 4B was obtained.
This value was employed for intrinsic activity estimates of all the immobilized
CT catalysts considered in this work.

For comparison, the buik diffusivity of ATEE in aqueous solution was
determined from an empirical modification of Stoke’s equation based on the
data reported by Longsworth.* The relationship given by Longsworth in his
report:

D, (cm?/s) X 10° = 24.182/( V'3 — 1.280), (13)

where V is the molal volume (cm3/mol). represents with an average deviation
of 2% the data obtained for various peptides and amino acids, but does not
apply well to aromatic and heterocyclic amino acids. However, the following
modified expression

D (cm?/s) X 10% = 25.414/(V/3 — 1.364) (14)

fits Longsworth’s experimental diffusivities of amino acids of this type with
an average deviation of 1.4%, and gives a diffusion coefficient for tyrosine of
7.03 X 10~7° cm?/s.

The apparent molal volume of ATEE was calculated from that of tyrosine
(123.6 cm?/mol*) by making the appropriate corrections for additional
atoms and the absence of electrostriction.?® The diffusivity of ATEE thus
calculated by eq. (14) is 5.7 X 107° em?/s. The use of this value presupposes
that the diffusion coefficient is relatively insensitive to moderate changes in
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the amino acid and NaCl concentrations of the bulk solution, an assumption
supported by the results of Sherrill and Albright.3

Combining this result with the estimated value of D . yields a ratio for the
diffusion coefficient of ATEE in Sepharose 4B to that in aqueous solution of
0.67. This ratio lies in the range 0.6-0.7 obtained by Horowitz and
Fenichel3” for the diffusion of .molecules of molecular weight less than 100 in
Sephadex G-34, and compares favorably with the data reported by Nakanishi
et al.® for the diffusion of saccharides and amino acids in dextran gels of
similar gel concentration as Sepharose 4B.

The results of intrinsic activity determinations by the above method for all
of the immobilized enzyme preparations considered in this study are listed in
Table II. Since Michaelis constants (i.e., 8 values) were not known for some
of these catalysts, intrinsic activities were calculated for different K, values
spanning the range indicated in Table I. As already noted, the activity esti-
mates are not very sensitive to the K, value employed in the procedure. In-
trinsic activities given in Table II estimated from diffusion-influenced data
(note all of the estimated effectiveness factors are less than unity) agree rea-
sonably well with the direct activity measurements for three preparations
listed in Table 1. This supports the applicability of the diffusion-reaction model
to these catalysts and the suitability of the estimated D for ATEE.

The values listed in Table Il indicate a clear sequence of specific intrinsic
activities for the catalysts CNBr-1 through CNBr-5 in which enzyme is im-
mobilized directly to the Sepharose by CNBr-mediated attachment. Thus,
the specific intrinsic activity of the immobilized CT decreases as the protein
content of the conjugate increases. Also of interest is the higher activity of the

TABLE I
Estimated Intrinsic Specific Activities and Diffusion-Reaction Parameters for Different
Immobilized Chymotrvpsin Catalysts

9t

( umol ATEE
n umol active CT - s
B eu Km Km
Sample (pumol active CT/g) $ 1.7 0.73 1.7 0.73
CNBr-1 0.0105 = 0.000283 0.45 0.89 0.91 113 11
CNBr-2 0.0325 £+ 0.00395 1.4 0.66 0.73 94.0 85.7
CNBr-3 0.192 = 0.00529 2.1 0.52 0.57 49.2 44.8
CNBr-4 0.541 = 0.00850 3.3 0.3 0.38 41.2 37.2
CNBr-5 1.27 + 0.09610 4.5 0.26 0.28 32.2 29.0
2.6 0.73 2.6 0.73

CNBr-6C 0.184 = 0.00772 2.6 0.42 0.48 88.7 77.3




-31-

N CLARK AND BAILEY

preparation with spacer arm compared to a directly coupled immobilized en-
zyme catalyst at similar enzyme loading. An investigation of how the activity
differences of these samples may be related to variations in their active site
environments is described in the next section.

EPR STUDIES OF IMMOBILIZED ENZYME
ACTIVE-SITE ENVIRONMENT

While most physical-chemical techniques for studying the structure of
proteins (x-ray diffraction, circular dichroism, UV absorption) are not ap-
plicable to the study of enzymes attached to insoluble supports, EPR spec-
troscopy exhibits enormous potential in this area. Unlike optical techniques
which require a transparent solution, EPR spectroscopy can be used equally
well with optically transparent or opaque samples, and is not limited to en-
zymes immobilized on the external surface of a carrier. The *spin-labeling”
technique consists of attaching a small paramagnetic molecule (the label),
generally a stable nitroxide, to a particular region of the protein to obtain in-
formation on the surrounding environment. The EPR spectrum reflects the
environment of the nitroxide radical. The method is extremely sensitive and
can be used when only a small amount of labeling sites are available. If the
spin-labeled protein is immobilized, the EPR spectrum is a composite of in-
teractions among the nitroxide ring, the protein, and the support surface.
Despite these advantageous characteristics, with the exception of a few
limited cases (see, for example, refs. 15-17), EPR spectroscopy has been vir-
tually ignored as a tool for studying immobilized enzymes.

Berliner et al.!® were the first to spin-label an immobilized enzyme and
compare the spectral results with those of the enzyme in solution. They found
in their study of trypsin immobilized on porous glass that the EPR spectrum
of the immobilized enzyme's active site region was the same regardless of
whether the enzyme was labeled before immobilization or after immobiliza-
tion. Subtle differences between the spectra of the free and immobilized en-
zymes were observed, but these were attributed to the elimination of the en-
zyme's rotational movement upon immobilization. No activity data were
presented, and possible effects of the immobilization process on the active
site configuration were not considered.

Dimicoli et al.!® have used a spin-labeled phosphophonofluorodate to ex-
amine the active site of porcine pancreatic elastase crosslinked via glutaral-
dehyde to polyacrylamide beads. The EPR spectra of free and immobilized
elastase spin-labeled at serine 195 were measured at various pH and temper-
ature values. The lineshape, pH dependence, and temperature dependence
of the EPR signals were similar for the free and immobilized spin-labeled
proteins. The ability of Cu?*, a known noncompetitive inhibitor of elastase.
to bind in the active site region and quench the EPR signal was also com-
pared for the free and immobilized enzyme. The kinetics of immobilized
elastase inhibition by copper were not analyzed quantitatively, however,
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because of diffusional limitations. It is interesting to note, in contrast to the
case of trypsin, that elastase could not be spin-labeled after it was immobi-
lized, indicating that attachment to the support greatly reduced the ac-
cessibility of its target serine residues. No activity data or enzyme loadings
were reported, and different immobilization schemes were not compared.

One of the spin labels first introduced by Berliner and Wong¥, 4-(2,2,6,6-
tetramethylpiperidine-1-oxyl)-m-fluorosulfonylbenzamide (m-IV), has been
employed in this research to study the active site regions of immobilized CT
preparations.

o (0]

.

I N
m-1V FOZS@,C\ . /Cl

H

This label is an irreversible inhibitor of CT which reacts specifically with
serine 195 of the active site. Berliner and Wong's work3? indicates that m-I1V
does not react with inactive CT. The labeling of CT is therefore limited to the
same enzyme population that reacts with the active site titrant (MUTMAC)
and ester substrate (ATEE). When attached to free CT in solution, m-1V
produces a “mobile” spectrum, making it a likely candidate to determine if
the enzyme’s active site is compressed, or constricted, by the immobilization
process.

The EPR spectra of four spin-labeled CT derivatives shown in Figure 2 are’
direct evidence of modification in enzyme active site structure caused by im-
mobilization. Spectrum 2(a) (in Fig. 2) for spin-labeled CT in solution is a
baseline to which the other spectra can be compared. Line broadening rela-
tive to spectrum 2(a) is evident in spectrum 2(b) which was obtained from
spin-labeled CT attached to the support through a six-carbon spacer. This
broadening, indicating less label mobility, could be due to a conformational
change in the active site, to elimination of the macromolecular contribution
to spin label overall motion (that is, the contribution of rotation of the entire
enzyme molecule in solution) or to a combination of these factors.

Spectrum 2(c) (in Fig. 2) is of Sepharose particles with the same immobi-
lized enzyme content as sample 2(b), but here the spin-labeled CT is coupled
directly to the support surface instead of through an intervening spacer. Fur-
ther peak broadening has occurred, indicating that the overall motion of the
label has become more restricted. Since there is no macromolecular con-
tribution to either spectrum 2(b) or 2(c), differences between these two con-
jugates are attributable entirely to differences in the active site environment.

A surface of aliphatic carbon chains, like that presented by the support
CNBr-6C, should conform to the molecular topography of CT more readily
thah the original, fess vielding surface of CNBr-Sepharose. It is therefore ex-
pected that the enzyme must incur more conformational stress in order to
bind directly to the support surface rather than through a spacer, and this is
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manifested here by more extensive changes in the configuration of its active
site. Spectrum 2d for a directly coupled CT catalyst with more immobilized
protein than the previous case shows even further spin-label restriction.

The overall effect of increased immobilized enzyme structural modifica-
tion is evidenced in these spectra by the increasing broadness of the low-field
peak and the decreasing curvature of the center peak. Any alteration of the
molecular geometry of CT's active site region could reduce the efficiency of
complexation, and subsequent reaction, between enzyme and substrate.
Consequently, it is not surprising that there is a direct corresondence be-
tween the degree of restriction of spin [abel mobility observed and the extent
of reduction of immobilized enzyme specific activity.

In order to examine this relationship more carefully, it is useful to
characterize the spin label mobility in these different CT catalysts quantita-
tively using the rotational correlation time 7. A simplified definition of 7 is
the average time required for a nitroxide molecule to move through a signifi-
cant arc, and usually ranges from 0.05 ns (very fast rotation) to S0 ns (very
slow rotation).® The value of 7 is thus inversely related to the overall mobility
of the spin label. The rotational correlation times for four spin-labeled CT
derivatives were determined from spectra 2(a)-2(d) using the theoretical rela-
tions of Kivelson*! and Stone et al.%? assuming that the motion of the nitrox-
ide label is isotropic. Smith*? states that the assumptions of Kivelson are
reasonable for systems in which 7 < 5 ns. Assuming isotropic motion for all
of the systems considered (a simplification which greatly facilitates analysis
of these spectra) yields r values well below this upper limit. It is doubtful that
more involved spectral simulation techniques would significantly improve the
accuracy of these results.

The calculated rotational correlation times are indicated in the inserts in
Figures 2(a)-2(d). In Figure 3, the 7 values for each CT catalyst are plotted
versus the corresponding specific activities of active enzyme (e,) for these

A 5 |
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Fig. 2. The EPR spectra and rotational correlation times, taken in 1 mM acetic acid (a-d)
and 1mM acetic acid with 12mM indole (e-h), of spin-labeled a-chymotrypsin in aqueous solu-
tion (a, e), immobilized on CNBr-6C (b, {), immobiiized on CNBr-3 (¢, g), immobilized on CNBr-5
(d, h). All spectra were taken at room temperature.
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Fig. 3. Specific activity (e,) of uninhibited a-chymotrypsin (measured with ImM ATEE,
1M NaCl, pH 7.3) versus the corresponding rotational correlation time (7) of m-1V attached 1o
serine {95 of the enzyme’s active site.

four systems. Noting that larger 7 values imply more restricted spin label and
thus a more modified active site structure, the decline in specific activity with
increasing 7 is completely consistent with the expected connection between
enzyme structure and catalytic activity.

Indole Effects on EPR Spectra of Spin-Labelled Immobilized Chymotrypsin

Indole, a substrate analog and competitive inhibitor of CT, was used by
Berliner and Wong to obtain additional insights into the active site structures
of CT and trypsin in solution. Indole can occupy the tosyl hole (also called
the binding pocket, the hydrophobic cleft, or the specificity pocket) of CT, a
narrow slit defined by CT residues 184-191 and 214-227 which has dimen-
sions suitable to accommodate one precise orientation of a molecule about
the size of tryptophan.* By competing with the aromatic portion of m-1V for
the binding pocket, indole can shift the average location of spin label from
the immediate vicinity of the tosyl hole to an alternative site.

Berliner and Wong found in their studies of CT and trypsin in solution
that, after exposure to saturated indole, many spin-labeled CT derivatives
(including that labeled with m-IV) exhibited EPR spectra closely resembling
the spectrum of spin-labeled trypsin which does not possess a tosyl hole. An
equilibrium between three primary orientations of spin label relative to the
tosyl hole, represented below by A, B, and C, was proposed to account for
this observation:

A=B=C (15)



-35-

CLARK AND BAILEY

where A is the label completely inserted in the tosyl hole; B is the label
located just outside the tosyl hole; C is the label occupying area removed
from tosyl hole, common to both CT and trypsin. Displacement of label from
A or B to C can apparently occur if indole can compete favorably with m-IV
for the tosyl binding pocket.

The effects of indole (12mM) on the EPR spectra of different spin-labeled
chymotrypsin catalysts are dramatic and distinctive as shown in Figures
2(e)—2(h). Comparison of these spectra with the corresponding 7 values and
spectra in the absence of indole shows that, as the mobility of the enzyme-
bound spin label decreases, its spectrum is more dramatically affected by in-
dole. The low-field peak in the presence of indole becomes increasingly bi-
modal as immobilized enzyme specific activity decreases, until finally in
spectrum 2h the low-field (less mobile) side dominates. Note also in Figure 2
the appearance of a dip at 3425 G, giving an outer hyperfine separation of
62.6 G, indicative of highly hindered motion. Clearly, indole affects the
label’s mobility more extensively in the less active samples than in the more
active samples. The extent of the indole effect is significantly greater on the
immobilized enzyme than on the free enzyme in solution.

The eight spectra of Figure 2 illustrate that the spin-label can experience
several different environments when attached to immobilized CT. Spectrum
2(f) may contain three distinct spin-label populations, as evidenced by the
trimodal character of the low-field peak (see arrows). Spectra 2(g) and 2(h)
are each comprised of two major components, one of which (the narrow line
component) is significantly less restricted than the other. The remaining
spectra, on the other hand, are apparently each composed of one dominant
component, although it is possible that the broadening observed in 2(b)-2(d)
is the contribution of more hindered subpopulations of spin-label.

Composite spectra are known to occur whenever the spin-label partitions
between two or more environments.* For example, composite spectra are
often observed in studies where spin probes are intercalated in biological
membranes (e.g. ref. 46), and have also resulted when spin-labels have been
attached to human carbonic anhydrase in solution?” and to Ca?*-transport
ATPase in sarcoplasmic reticulum membranes.’

In immobilized enzyme catalysts, heterogeneity in the local structure of the
support surface, as well as that of the enzyme’s surface, no doubt combine to
produce heterogeneity in the orientation, conformation, and extent of attach-
ment (i.e., the number of bonds between enzyme and support) of the im-
mobilized protein.®!3 Assorted immobilized enzyme states may result, each
with its own free energy, activity, and stability, where here stability is defined
as the resistance to loss of catalytic activity. For each immobilized enzyme
preparation the sum total of bound protein consists of different immobilized
enzyme subpopulations, each of which may have a different active site con-
figurgtion which contributes a characteristic component to the overall EPR
spectrum. It is not readily apparent at this point to what extent the spectral
results can be attributed to the label moving among several different posi-
tions in the same active site as indicated in Reaction (15) or to label fixed in
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different positions in different immobilized enzyme subpopulations. Current
research in this laboratory is seeking clarification of the basis for the ob-
served heterogeneity in these immobilized enzyme systems.

DISCUSSION

The structural information obtained from EPR measurements provides in-
sight into the observed activity differences summarized in Table I. Higher
loading of directly-attached protein and lower enzyme activity are accom-
panied by changes in the interaction between m-1V and the specificity pocket
of immobilized CT. When CT is bound to the support through a six-carbon
spacer, the effects of immobilization on the enzyme’s activity and active site
configuration are less pronounced than in a directly-attached preparation of
comparable loading.

The interactions between m-IV and the active site areas of free and immo-
bilized CT should resemble those of a similar-sized substrate (i.e., ATEE)
during its reaction sequence with the enzyme. Since substrate binding in the
active site is believed to be of paramount importance in reducing the activa-
tion energy of CT-catalvzed reactions, it is not surprising that changes in the
nature of spin label-active site interaction revealed by the EPR data are cor-
related with changes in the enzyme catalytic activity.

It is helpful to consider these resuits in conjunction with the normal reac-
tion sequence of CT

K
E+S<ES (16a)
k>
ES — EP,+ P, (16b)
k3
EP, — E + P, (16¢)

where EP, is the acyl-enzyme intermediate and, in the hydrolysis of ATEE,
step (16c) is rate-limiting. It has been shown that if equilibrium is established
in step (16a) much more rapidly than acylation occurs, the Michaelis con-
stant for this system can be expressed as

K, = s a7
ko + k3
and that
Vmax = Kcar€o (18)
where
o = 22 (19)

Tkt ks
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Therefore the first-order rate constant when s << K, is

=t = @0
m 5

The covalent coupling between CT and spin label m-1V, as well as the lat-
ter’s structural homologies with N-acetyl tyrosine, indicate that spin-labeled
CT should closely resemble reaction intermediate EP, in the CT-catalyzed
hydrolysis of ATEE. Therefore, it is worthwhile to consider the EPR results
as they relate to both acylation (rate constant k;) and deacylation (k3), as
EP, represents the transition between these two processes. Because these two
reactions occur in the vicinity of the bond being cleaved, their rates are highly
dependent on the orientation the substrate adopts in the active site relative to
the enzyme's catalytically important residues. In the free enzyme, this posi-
tioning is extremely precise. Wright*® reports that during normal catalysis
there are at least four hydrogen bonds formed between residues of the active
site (His 57, Ser 214, Ser 195, Gly 193) and a substrate such as ATEE. It is
clear that should the normal binding pattern between CT and substrate be
disturbed, both rate constants k, and k3 are likely to be affected.

While neither of these kinetic parameters was measured directly for any of
the immobilized enzyme preparations of this study, how they are affected by
increasingly “‘abnormal” spin label (or substrate) binding can be approx-
imated from data in Table 1. For the reaction of free enzyme with ATEE at
pH 8.0, k5/k3 = 27.% Under these conditions, eq. (19) indicates that k,,
becomes approximately

ke = k3 21

Assuming that this equation also applies for the immobilized enzyme. Table I
shows that k., (ca. k3) decreases as enzyme loading increases. The EPR studies
show that the motion of enzyme bound spin label also become more restricted
as k., decreases.

Evaluation of the effects of immobilization en k-, is more difficult. It is not
immediately clear whether an increase in X (which depends on the binding
energy between enzyme and substrate), or a decrease in k, (which depends on
the orientation of substrate relative to the enzyme), or both, is responsible for
the observed decrease in k, (Table I). Equation (20) implies that comparisons
of k, for these systems can be made only if K| is assumed to be a constant.
This study contains no direct evidence in support of this assumption.
However, previous investigators*®-5! have shown that K| is less sensitive than
k, to pH and temperature, both of which affect the configuration of CT, and
that changes in K are often accompanied by larger changes in k,. If similar
trends obtain for immobilized enzyme, it can be suggested that immobiliza-
tion has reduced k-, a result consistent with the active site structural aberra-
tions, revealed by EPR spectra, which have resulted from immobilization of
the enzyme.

Additional spin labels of various geometries would provide more informa-
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tion about the active site configurations of these immobilized CT prepara-
tions. Such EPR data would serve to further characterize, on a molecular
level, the associated interactions between substrates and the binding pocket
of immobilized CT. Information of this kind would assist in gaining a more
complete mechanistic understanding of the immobilized enzyme’s catalytic
behavior. More detailed kinetic studies, in which the active enzyme is
isolated by active site titration, are also needed to reveal further the manner
in which the catalytic sequence of CT and other enzymes is affected by im-
mobilization to a solid support.

The fact that immobilization can affect the reaction sequence of CT-
catalyzed hydrolysis reactions, particularly the steps which require precise
orientation of substrate relative to enzyme, may have additional implications
in this and other immobilized enzyme systems. It is possible that when the
specificity pocket of the enzyme is altered, the selectivity of the enzyme may
change accordingly. Doel et al.>? have recently reported direct evidence of a
change in CT's selectivity caused by immobilization to Sepharose 4B. They
observed that while soluble CT did not digest to any degree the repeating
dipeptide poly(aspartyl-phenylalanine), some degree of digestion was achieved
with the immobilized enzyme. The present work provides direct evidence that
chemical and structural interactions which regulate CT-substrate binding
were altered by immobilization; i.e., the protein lost some of its fine tuning.
This may have significant consequences for separation processes employing
immobilized enzymes and other biological macromolecules to effect affinity
association with specific substrates, inhibitors, antigens, antibodies, or other
molecules in a liquid mixture.

Once such effects are more fully understood, it may be possible through
careful selection of the immobilization technique and use of protein-
modifying reactions to alter a protein’s binding equilibria and selectivity in a
predetermined fashion. The sensitivity of enzyme activity to immobilization
conditions described here also suggests that attachment of enzymes to mem-
branes may be a natural mechanism of enzyme regulation in biological
systems. Future studies which detail the effect that immobilization can have
on the structure and function of enzymes will undoubtediv contribute to the
design and development of biocatalysts with optimal activity, selectivity, and
stability.

The authors are indebted to Joseph Schuh and Sunney Chan for assistance with EPR spectros-
copy experiments and their interpretation. This work was supported by the National Science
Foundation.

Nomenclature

Dy effective diffusivity

,  bulk diffusivity

e,- active enzyme loading

) total enzyme concentration
k, rate constant for acylation
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k3  rate constant for deacylation

ko, defined in eq. (19)

ks defined in eq. (20)

K,, Michaelis constant, defined in eq. (17)

K,  dissociation constant of enzyme-substrate complex

q. active enzyme specific activity

r radial coordinate

r nondimensional radial coordinate

R particle radius

s substrate concentration

5 nondimensional substrate concentration, defined in eq. (4)
So substrate concentration at particle surface

v reaction rate per unit volume of catalyst, defined in eq. (1)
Vmax Maximum reaction rate, defined in egs. (2) and (18) ‘
veps Observed overall reaction rate, defined in eq. (7)

\4 molal volume -

Greek symbols
B defined in eq. (4)
" effectiveness factor, defined in eq. (8)
np  defined in eq. (10)
bp particle density
T rotational correlation time
I3 Thiele modulus, defined in eq. (5)
¢ observable modulus, defined in eq. (12)
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CHAPTER 3 CHARACTERIZATION OF BETEROGENEOUS
IMMOBILIZED ENZYME SUBPOPULATIONS
USING EPR SPECTROSCOPY
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INTRODUCTION

Determination of the effects on enzyme properties of covalent enzyme
attachment to a solid support has long been a major objective of immobilized
enzyme research. Measurements of enzyme activity and enzyme stability at
elevated temperatures and/or in the presence of chemical denaturants are
standard means used to characterize and evaluate immobilized enzyme prepara-
tions. Often the measured properties of immobilized enzymes differ to some
extent from soluble enzyme properties, aﬁd elucidation of the fundamental

causes for such differences has been the objective of several recent studies.

lmplicit in most analyses of immobilized enzymes is the assumption that
the immobilized enzyme population is homogeneous. This assumption is justi-
fied within the domain of enzyme catalysis applications if the population of
immobilized enzyme molecules is essentially homogeneous with respect to func-
tional properties. This in turn will be true, one expects, either if the
immobilized enzyme molecules have essentially the same state and environment or
if the functional characteristics of the enzyme are insensitive to the existing

extent of heterogeneity in bound enzyme molecular state.

Heterogeneity within immobilized enzyme systems has been investigated and
demonstrated in relatively few previous studies. Lasch and Koelsch] found evi-
dence of two primary subpopulations in leucine amino peptidase attached through
a single bond to thiol-Sepharose 6B (CNBr-Sepharose that has been treated with
L-glutathione): one class of immobilized enzyme that leaks exponentially with
time from the support surface in 1 Mhydroxylamine, and one that is stable to such
treatment throughout the time range studied (~5 hr.). When multipoint attachment

of the enzyme to CNBr-activated Sepharose was studied, similar behavior was
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observed, but over a much longer time period. At least two different populations
of immobilized enzyme molecules were also observed by Lasch et al. for a-chymo-
trypsin immobilized on CNBr-activated dextran 500.2 In this system the
unfolding of immobilized enzyme at elevated temperatures, followed by activity
and fluorescence measurements, was a two-phase process. This was attributed

to differences in the number of surface attachment points for each subpopula-
tion of immobilized chymotrypsin.

Similarly, heterogeneity in the bonding between a-chymotrypsin and CNBr-
activated Sepharose CL-4B was suggested by the stability studies of Kawamura
et aZ.3 They found thermal deactivation of immobilized chymotrypsin could not
be described by a single, first-order reaction. Rather, the measured time
course of thermal deactivation could be simulated by assuming a normal Gaussian
distribution of activation energies for denaturation, and treating both the
standard deviation of the distribution and the initial deactivation rate of
immobilized enzyme as adjustable parameters. In the analysis of Kawamura et al.
it was assumed that each of the heterogeneous enzymes had the same catalytic
activity.

In the present work, a-chymotrypsin immobilized on CNBr-activated
Sepharose LB is used as a model system to investigate heterogeneity within immo-
bilized enzyme preparations. EPR spectroscopy of spin-labeled immobilized
enzyme provides direct evidence of significant heterogeneity in active site
structure. The degree of such heterogeneity and its implications for overall
catalytic activity of the immobilized chymotrypsin population is subsequently

quantified based upon spectral deconvolution and activity data.

MATERIALS

a-chymotrypsin (from bovine pancrease, three times recrystallized, salt-

free), N-acetyl-L-tyrosine ethyl ester (ATEE), and A4-methylumbelliferyl-p-
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trimethyl ammonium cinnamate chloride (MUTMAC) were obtained from Sigma.
Potassium ferricyanide, 2,2,6,6-tetramethyl-1-oxyl-h-aminopiperidine,
m-fluorosulfonyl benzoyl chloride, and indole were purchased from Aldrich.
Sepharose LB preactivated with CNBr was a product of Pharmacia Fine Chemicals.
Two different batches of this material, designated Supports I and II, were
employed in this research. As noted below, these supports were different in
loading capacities and in other properties. lInorganic salts and all buffer
solution components were analytical grade reagents. Distilled water, deion-
ized by passage through two Research lonXchanger Model 2 columns supplied by

111inois Water Treatment Co., was used throughout.

METHODS

Covalent Attachment of a-Chymotrypsin to CNBr-Sepharose LB

a-Chymotrypsin was covalently coupled to CNBr-Sepharose 4B, and the re-
sulting catalysts washed and stored, as described in Clark and Bai!eygh The
(wt/wt) ratio of enzyme to gel in the immobilization vessel was varied from

0.0178 to 0.1 to effect different active enzyme loadings.

Determination of the Amount of Functional

Enzyme Bound to the Support Matrix

The cqoncentration of active immobilized enzyme was determined by active
site titration with MUTMAC. Fluorescence measurements were carried out in a
Turner Model 430 Spectrofluorometer in 1 cm cuvettes. The titration proce-
dure followed is the same as described elsewhere.h For a few immobilized

chymotrypsin catalysts prepared in similar fashion to those considered in
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this investigation, amino acid analysis was used to determine the total amount
of bound protein. It was found that the fractions of completely inactive im-
mobilized enzyme present in the samples investigated were at most only 7%
greater than the fraction of inactive enzyme present in the immobilizing
solution (v40%), determined by UV absorption and active site titration. Thus,
although immobilization dées not cause any significant increase in inactive
enzyme fraction, the immobilized enzyme preparation includes a significant

subpopulation of inactive enzyme.

Determination of Immobilized Enzyme Activity

The reaction rate of immobilized a-chymotrypsin with ATEE was determined
in a differential recirculation reactor of the type described by Ford e¢ aZ.S
equipped with a water jacket for temperature control. The details of
this procedure for large (R = 60 um) and small (R~ 10 um) Sepharose particles,
obtained by grinding the large particles in a Potter-Elvehjelm tissue grinder,
can be found in Clark and Bailey.l+ As discussed there, large particles ex-
hibit intraparticle diffusion disguises that can be corrected by effectiveness
factor calculations. This approach was used to determine intrinsic specific
activities from diffusion-limited rate data for catalysts prepared with

Support I.

Preparation of Spin-Labelled Enzyme Derivatives

and EPR Measurements

The procedures described by Wong et aZ.6 were employed to prepare the
nitroxide spin label (m-1v), and to spin label a-chymotrypsin in solution.
The immobilized enzyme was spin labeled and prepared for EPR analysis, and

the EPR spectra recorded in 12 mM indole with or without K3Fe(CN)6, according
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to Reference 4. EPR spectra were recorded at the X band using a Varian
E-Line Century Serfes EPR Spectrometer equipped with temperature regulation

by nitrogen gas flow. The spectra were digitized using a Digital Equipment

Corp. PDP-8/A minicomputer interfaced to the EPR spectrometer.

RESULTS

Subpopulation Quantitation by EPR Spectra Decomposition

The specific activity of o-chymotrypsin immobilized on CNBr-activated
Sepharose 4B (Support 1) decreases as the loading of active enzyme increases
(Table }). To determine the extent to which this result coincides with
conformational changes at or near the enzyme's active site, the EPR spectra
of immobilized chymotrypsin labelled at serine 135 with a nitroxide spin label
(4-(2,2,6,6~tetramethylpiperidine-1-oxyl)-m-fluorosulfonylbenzamide) were
recorded. As described in Clark and Bailey,h the decrease in specific activ-
ity is accompanied by a decrease in the overall mobility of the attached Spinv
label. This relationship is completely consistent with the established sensi-
tivity of chymotrypsin's catalytic activity to the configuration of its active
site region.

When the EPR spectra of spin-labelled immobilized chymotrypsin are re-
corded in the presence of indole, a substrate analog and competitive inhibitor
of the enzyme, two distinct spectral components are observed. Each of these
components corresponds to spin label with a certain degree of mobility. Be-
cause the spin label used here binds to only one site on the enzyme,7 the two

overlapping EPR signals indicate the existence of two subpopulations of immo-
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bilized enzyme with active site regions that, in the presence of indole,
provide the attached spin label with significantly different degrees of
motional freedom.

For future reference, each set of characteristic spectral components has
been assigned to an enzyme subpopulation as shown in Fig. 1. As evidencad by
the positions and lineshapes of the indicated peaks, the mobiiity of spin
label in enzyme subpopulation A is much more restricted than spin label in
enzyme subpopﬁ1ation B. In order to obtain more insight into the nature and
origin of these two subpopulations, and to determine how their catalytic
activities may differ, it is necessary to resolve each overall spectrum into
the contributions provided by enzyme subpopulations A and B. As a working
model, the following relafionship is assumed relating thevoverall normalized
spectrum f(G) to the normalized spectra fA(G) and fB(G) corresponding to

immobilized enzyme with states A and B, respectively:

f(e) = a’FA(G) + (1 -a)fB(G) . (1)

Next, the suitability of this representation and identification of the subpopu-
lation spectra are considered.

Figure 2 shows a sequence of indole spectra with the result for chymotrypsin
in solution in the rear and data for three immobilized enzyme catalysts arranged
from back to_front in order of active enzyme loading. Distinctive modes noted
in the solution indole spectrum are clearly evident in the overall immobilized
enzyme spectra, and the prominence of these features declines as enzyme loading
increases. This suggests that the indole spectrum for enzyme in solution may

be a reasonable approximation to the indole spectrum for subpopulation B and
]
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that a, the fraction of active immobilized enzyme comprised of state A, in-
creases with enzyme loading. Both of these points will be reexamined after
discussion of independent investigations on direct determination of fA(G).

Since spin label in immobilized enzyme subpopulation A exhibits relatively
restricted motion, it is reasonable to presume that such label is relatively
inaccessible to the surrounding solvent. Consequently, a reagent which selec-
tively removeg the spectral component contributed by more accessible spin label
should permit direct measurement of a spectrum approximating fA(G). The para-
magnetic molecule K3Fe(CN)6 has beeﬁ employed for this purpose in this work.
Sufficiently close contact between this paramagnetic species and the nitroxide
group on the spin label causes line-broadening interactions that quench the
EPR signal from the affected nitroxide. Physiochemical interactions of this
kind have béen utilized previously in analyses of complex EPR spectra obtained
in studies of the internal viscosity of red blood ceHs8 and of the active
site environment of hepatic membrane-bound cytochrome P-450 of the endoplasmic
reticulum.9

Figure 3 shows the effect of various concentrations of K3Fe(CN)6 on a
typical composite spectrum of immobilized chymotrypsin in indole. These spectra
show that the characteristic features contributed by spin label in subpopulation
B can be eliminated from the total spectrum by 150 mM K3Fe(CN)6. This indicates
that the active site region of subpopulation B is more accessible to the sur-
rounding solvent than the active site of subpopulation A.

Validiti of the composite spectrum representation proposed in Egn. (1) and
of the fA and fB estimates just described can be tested by comparing composite

experimental spectra with results calculated from Egn. (1) after adjusting o to

maximize the correspondence. The resolution of this test can be maximized by
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using a measured composite indole spectrum and one of the estimated subpopula-
tion spectra to estimate both the relative content of the two immobilized
enzyme forms (a) and the other subpopulation spectrum. Suppose, for example,
that the indole spectrum of enzyme in solution is employed as fB(G). This
spectrum is multiplied by a weighting factor between zero and unity (i.e.,1-a)
and subtracted frém a composite indole spectrum. The weighting factor is
increased until the following two criteria are satisfied: (i) the residual
spectrum does not contain featu}és indicative of two components, and (ii)
the residual spectrum does not contain any physically unreasonable features.
While this procedure may seem to involve significant subjectivity in evalua-
tion of the weighting factor, the stated simultaneous criteria provide very
clear and sensitive cdnstraints:forthe search for the appropriate weighting
factor value for a particular immobilized chymotrypsin formulation. A similar
approach was employed by Marsh et al. in analysis of lipid-protein interactions
in membranes.1 |

A representative spectral decomposition is shown in Fig. 4. The middle
spectrum is that which results when the optimally weighted digitized indole
spectrum of chymotrypsin in solution, shown below, is subtracted from the
indole spectrum of catalyst CNBr-5. As illustrated in Fig. 5, the residual
indole spectrum so obtained is nearly identical to the indole spectrum measured
for the same immobiliéed enzyme preparation in 150 mM K3Fe(CN)6. The slight
mismatch is likely due to slight line broadening in the measured spectrum --

an ''overshoot' in the attempt at chemical isolation of the subpopulation A

spectrum.

Such excellent consistency is not restricted to a single case. Figure 6
compares the residual indole spectra obtained by spectral subtraction analysis
of two immobilized chymotrypsin preparations with different loadings and over-

all specific activities. These are virtually identical and both are extremely

similar to the direct experimental estimate of fA(G).



~50-

These results imply that overall indole spectra of the immobilized
chymotrypsin catalysts considered in this research can be closely approximated
by Eqn. (1) where fg(G) is the indole spectrum of enzyme in solution and where
fA(G) is the same function in each case. The close correspondence between the
fA(G) estimates by spectral subtraction and indole spectra in the presence of
a paramagnetic molecule strongly supports the previous hypothesis equating
relative label mobility and relative solvent accessibility of immobilized
chymotrypsin active sites. The overall consistency of this set of indole
spectra analyses indicates that the weighting factors obtained in the spectral
decomposition calculations are physically meaningful parameters which should be
valuable in characterizing and describing biocatalyst function. This theme is

elaborated next.

Determination of Subpopulation Specific Activities

Both active enzyme subpopulations identified above have distinctive and
very different indole spectra, which in turn indicates different active site
structures in the two populations. Since active sife structure is likely
directly related to catalytic function of the immobilized enzyme, it is reason-
able to propose that the catalytic activities of the two subpopulations are
different. Extending this structure-function argument a step further, it
appears that the activity of each subpopulation may be the same in all of the
immobilized chymotrypsin catalysts studied since the indole spectrum of each
catalyst can be decomposed into essentially the same two subpopulation indole
spectra. )

These hypotheses imply that changes in overall specific activity (qE)

which result from differences in enzyme loading are due entirely to alterations

in the distribution of active immobilized enzyme molecules between states A and
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B. Restated in equation form,
qg; = o;9, * (1- u;)qB . (2)

The i subscript denotes different formulations of immobilized enzyme. It is
very important to recognize that, apart from the subscript added to the nota-
tion at this point, the a value in Egqn. (2) is identical to the a value in the
EPR indole spectrum representation in Egn. (1). Thus, once the overall indole
spectrum decomposition analysis has been done for immobilized enzyme catalyst
i, the a, value for that catalyst is known. Also, it is significant that the
specific activities qp and g of subpopulations A and B, respectively, are
independent of 1: these properties are invariant from one chymotrypsin-CNBr
Sepharose conjugate to the next.

The validity of Eqn. (2) has been tested using experimental data for five
different immobilized chymotrypsin biocatalysts. First, data on the three
preparations listed in Table 1 were employed to estimate qp and ag- The
corresponding fractions of A and B immobilized enzyme states determined by
indole spectral decomposition are given in Table 2. Using overall activities
(qu’qu) and distribution parameters (ai,aj) from any pair of these systems
gives, in conjunction with Eqn. (2), two linear equations in unknowns qp and
9g- Table 2 presents the results of such calculations. The catalysts used
to obtain each set of specific activities ap and qg are given in the last
column of Table 2.

For ex;mple, when samples CNBr-3 and CNBr-4 are used, a specific activity
of 8.4 pnols ATEE/(umol active chymotrypsin-sec) is calculated for subpopula-
tion A, and 127.8 umols ATEE/(umol active chymotrypsin-sec) is the corresponding
subpopulation B specific activity. Similarly, CNBr-4 and CNBr-5 give 8.2 and

and 128.2, and CNBr-3 and CNBr-5 give 8.3 and 128.5 for qa and g respectively.
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The remarkable consistency of these results strongly supports the hypothesized
existence of two subpopulations of immobilized enzyme with distinct specific
activities that differ by more than a factor of ten. The higher percentage of
less active enzyme is responsible for the lower overall specific activity of
the catalysts with higher enzyme loadings.

Thé last two immobilized chymotrypsin conjugates considered, designated
CNBr-3.5' and CNBr-4.5', were prepared from a different batch (denoted Support
11) of Pharmacia CNBr-Sepharose 4B than used in formulation of catalysts
CNBr-3 through CNBr-5 (denoted Support 15. Several differences were observed
in catalyst formulation and characterizatién experiments that were essentially
identical except for the support batcﬁ employed. Equal initial immobilizing
solution enzyme concentrations gave different final immobilized enzyme loadings
(e.g., e, = 1.27 and 0.75 pmoles CT/gm catalyst for Supports I and II, respec~
tively, with €0 = 0.4 umol/ml1). While the trend of decreased specific activity
with increased loading is also observed for Support II (see Table 3), chymotrypsin

immobilized on Support II exhibits higher loadings for given specific activity

than observed for Support I. Small (R10 um radius) particles were used for
Support II activity assays to eliminate possible diffusion limitations.

Indole spectra for preparations CNBr-3.5' and CNBr-4.5' could be very well
approximated by a linear combination (Egn. (1)) of the same subpopulation indole
spectra identified and applied in studies of the first three catalysts. Using
the subpopulation fractions estimated from EPR data on Support II formulations
(Table 3) and the means of the subpopulation A and B activities determined from
the CNBr-3, 4, and 5 analysis, activities were calculated using Eqn. (2) for
immobilized enzyme catalysts CNBr-3.5' and CNBr-4.5'. These calculated values,
listed in the last column of Table 3, agree within experimental error with the

measured specific activities of these catalysts.
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DISCUSSION

The data interpretation presented above is based on a two-state model for
active immobilized enzyme. It is important to consider alternative models and
their consistency with experiment. This is aided by examination of a more gen-
eral formalism for the heterogeneous immobilized enzyme population and its
properties. In the Appendix, an alternative model is developed and shown to be

less consistent with all available experimental information for these catalysts

than is the two-state model.

When one considers the heterogeneity of gel structure, possible enzyme
attachment orientations and number of covalent linkages, and other potential
sources for heterogeneity in immobilized enzyme structure and function, it
is not surprising that heterogeneity occurs. It is, however, perhaps unex-
pected to find that, to a.very high level of approximation, the heterogeneity
in these immobilized enzyme systems is maﬁifested only in two very distinct
forms of active immobilized enzymes. Why are there only two forms? What is
the underlying mechanism which determines these molecular states and their
relative numbers in a particular catalyst formulation? While answers to
these questions are not presently available, some speculations are possible.

Previous studies have established that a-chymotrypsin in aqueous solution
can equilibrate between a number of different conformational substaﬂ:es.”’]2
Steady-state fluorescence and optical rotary dispersion measurements indicate
that at 25° C and pH 8 - conditions very similar to those under which chymo-
trypsin was immobilized in the present study - two substates with different
catalytic ac{ivities predominate.]3 The transition between these two substates
is characterized by large enthalpy and entropy changes consistent with a sig-
nificant change in the enzyme's conformation. Given this information, it might

be expected a priori that covalent attachment to an insoluble support would

result in two separate configurations of immobilized enzyme similar or identical
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to thosé that characterize chymotrypsin in solution. This hypothesis is sup-
ported by the Sephérose-boundVchymétrypsin results to the extent that two sub-
populations of immobilized enzyme are observed. Why the relative amounts of
each enzyme subpopulation vary with thg total enzyme loading; i.e., the concen-
tration of enzyme in the immobilizingAsolution, remains unclear, unfe;s the
equilibrium composition of the immobilizing solution is a function of the

total enzyme concentratién. No evidence known to the authors indicates this

is the case. Nonetheless, the results of the present study are consistent with
the reported coexistence of two stable configurations of a-chymotrypsin in an
aqueous environment, and there are.a number of factors, in addition te confor-
mational heterogeneity of the pfeimmobilized enzyme, that may contribute to

the presence of two forms of immobilized enzyme. The most likely of these pos;

sibilities are discussed in turn below.

Recent evidence suggests that CNBr-activated Sepharose does not offer
a single population of homogeneous binding sites for the attachment of ligands
and proteins. Kohn and Wilchek reported that CNBr activation results in the
formation of two types of reactive groups on the surface of Sepharose:
imidocarbonates and cyanate esters.‘b Acid washing reduces the amount of
imidocarbonates, which react with ligands more slowly than cyanide esters.
1t is currently unknown how much of each type of binding group was present
in the CNBr-Sepharose samples used in this work, and such measurements are not
possible in retrospect since the entire supply of the original support material
has now been e*hausted. ’

Binding site inhomogeneity was demonstrated in a different manner by
Aplin and Hall, who labeled Pharmacia CNBr-Sepharose 4B with spin labels di-

rectly and also through oligoglycines and w-amino-carboxylic acids of varying

-

Iengths.1 It was found using computer simulation techniques that none of the

EPR spectra obtained from directly-labeled Sepharose samples could be simulated
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by assuming a homogeneous population of isotropically reorienting spins. Site
variations arising from the nature of the gel structure, caﬁsing heterogeneity
in the population of immobilized nitroxides, were pr0poséd as a possible expla-
nation for the EPR spectra observed in that work. Similar gel structure varia-
tions could influence heterogeneities observed here in immobilized enzyme
molecular state.

The influence of total enzyme loading on the relative proportions of the
two active forms of immobilized chymotrypsin also suggests that protein-protein
interactions may be fnvolved. The number of neighboring proteins in the imme-
diate vicinity of a given immobilized enzyme molecule will clearly increase i
with increasing enzyme loading, possibly causing steric crowding or otherwise
influencing the conformation of the immobilized enzyme molecules. Evidence for
immobilized enzyme inhibition as.a result of protein-protein interactions has
been suggested in at least one naturally occurring immobilized enzyme system,
Ca+2-transport ATPase in native and reconstituted sarcoplasmic reticulum
rmam!::ranes.!'6 It was found with this system that rep?acemént 6f membrane phos~
pholipids with dipalmitoylphosphatidylcholine reduced the mobility of spin
labels covalently attached to the transport ATPase polypeptide. The authors
suggested that this result may be due to a redistribution of ATPase molecules
in the membrane, with the formation of ATPase aggregates, accompanied by reduc-
tion of ATPase activity and a restriction of spin label mobility due to
protein-protein interactions. The possibility that interactions of this type
reduce eA;yme activity in both natural and manmade immobilized enzyme systems
is reasonable, but remains unproven.

It is not clear from available data on immobilized chymotrypsin on CNBr-

Sepharose whether the observed heterogeneity is due to a priori heterogeneity
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in the physical and chemical properties of the support or to induced heterogeneity
caused by interactions among immobilized enzyme molecules. Clarification of
the relative contributions of these two causes of heterogeneity would aid in
determining the extent to which and in what direction the results of this work
could be extrapolated to other immobilized enzyme systems. Further research
on this question is in progress.

it is possible that only two subpopulations of active immobilized enzymes
were observed because the methodé employed were not sufficiently sensitive to
determine finer scale molecular differences in the immobilized protein molecules.
A variety of additional immobilized enzyme characteristics could be considere@
in characterizing immobilized enzyme molecular state including other spin labels,
NMR spectroscopy, and analysis of the number of bonds between the enzyme mole-
cule and the support matrix. However, it is significant that, from the point
of view of immobilized enzyme catalyst characterization and formulation, the
optimal measure of the enzyme molecular state is one that relates directly to
catalytic functional properties of the protein. The indole EPR measurements
have clearly met this requirement for this system. Active site environmental
differences revealed by EPR SpeCtFOSCOpy-Of immobilized chymotrypsin in the
presence of indole has identified two subpopulations and their relative contri-

butions which correlate quantitatively and directly with enzyme activity.

CONCLUS IONS

The preceding analyses of EPR spectral data and catalytic activity mea-
surements for five different immobilized chymotrypsin biocatalysts clearly
indicate the existence of two distinct forms of active immobilized enzyme.
A1l EPR indole spectra for these systems may be accurately approximated by a
convex combination of the same two subpopulation spectra. Each subpopulation

spectrum has been directly measured in a separate experiment.
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Furthermore, the presumed correlation between active site state as revealed
by EPR measurement and catalytic activity of the immobilized enzyme is clearly
supported by the data and the analysis described above. Each characteristic
subpopulation, originally identified on the basis of EPR measurements, can be
associated with a well-defined specific activity, and the overall specific ac-
tivities of each catalyst are equal to the weighted sum of these specific sub-
population activities. These conclusions hold for different enzyme loadings

on two different CNBr-Sepharose supports.

These results substantially clarify the underlying structure of the
previously reported phenomenon of reduced specific activity with increasing
immobilized enzyme loading. For fhe present system, at least, the effect of
increasing loading is to increase the proportion of the active enzyme in the
relatively inactive form. Changing loading does not change the types of
active immobilized enzyme present or their active site structure as revealed
by EPR spectroscopy. The well established structure-function connection for
enzymes in solution has been shown, as expected, to apply to immobilized
enzyme molecules. The enzyme subpopulafion displaying greatly restricted
spin label mobility in the active site has been determined to possess an
order of magnitude smaller specific activity than exhibited by the immobilized
enzyme form characte%?zed by an EPR spectrum almost identical to that of
enzyme in solution.

An Important question that has not yet been sufficiently addressed is
the possibility that the stability of the two active immobilized enzyme forms
may differ substantially. As mentioned above, Kawamura et aZ} obtained evi-
dence that chymotrypsin immobilized on CNBr-activated Sepharose consists of
multiple subpopulations of immobilized enzyme with different thermal deactiva-
tion rates. Preliminary results in studies in this laboratory using high

concentrations of n-propanol to induce denaturation support this observation .
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It was found that the activity decay of immobilized chymotrypsin differs
significantly from simple first order kinetics, and the observed pattern of
decay may be resolvable into a combination of simpler kinetics corresponding
to different subpopulations. However, further research, now in progress, is
required to fully address this class of questions. [t is presently unknown
whepher the characterization of enzyme molecular state afforded by EPR
spectroscopy possesses the resolution and information content necessary to
characterize the denaturation properties of the immobilized protein. An
answer to this question for the particular immobilized enzyme system addressed
in this work is expected in the near future.

In order tooptimize the formulationof an immobilized enzyme catalyst, it is
necessary to know as much as possible about the influences of protein properties,
support characteristics, and immobilization process conditions on the important
properties of the enzyme. The clear demonstration of multiple subpopulations
of immobilized enzyme with greatly different activities should motivate further
detailed study of structure-function relationships in immobilized enzyme popu-
lations. The present work has demonstrated that changes in the support and
changes in immobilization conditions, namely the initial enzyme concentration
in the immobilizing solution, can influence the overall specific activity and
the distribution of different active enzyme molecular states in the catalyst.

As opportunities increase for applications of immobilized enzymes in
unnatural environments, it is critical to understand at a fundamental level
the available strategies to manipulate and optimize immobilized enzyme structure
and function. Further studies are thu§ required to determine when and why
multiple subpopulations of immobilized énzyme occur and how subpopulation
properties differ. Such.info}mation will help to transform immobilized eﬁzyme
catalyst formulation and optimization from a trial and error art to more of a

science, and should ultimately greatly expand the efficiency and utility of

immobilized enzyme catalysts.
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APPENDIX: ALTERNATIVE MODELS OF HETEROGENEQUS IMMOBILIZED ENZYME POPULATIONS

Suppose that the immobilization state of a catalytically active immobil-
ized enzyme molecule can be indexed by a nonnegative scalar x, and let fE(x)dx
denote the fraction of the immobilized enzyme molecules with states between x
and x+dx. (It would obviously be more accurate to represent the immobilization
state in a higher dimensional space, but such an elaborate representation would
not be of any greater utility in the following considerations.) The molecular
intrinsic specific activity of a molecule of state x will be written q(x).

Then, the overall intrinsic specific activity

o

9 = fq(X)fE(x)dx (A1)
5 _ .

Viewed from this perspective, changes in intrinsic catalytic properties of
enzymes caused by immobilization are the result of redistribution of enzyme
molecular states; i.e., modification of fE, such that a different mix of
molecular intrinsic activities is produced.‘ in a similar fashion, the EPR
spectrum of a spin-labeled immobilized enzyme catalyst is a summation of con-
tributions from individual labeled immobilized enzyme molecules. Letting
fe(x;G) denote the EPR spectrum (G is field strength) of labeled enzyme of

state x, the measured overall spectrum may be written

f(g) = ‘/‘fe(x;G)fE(x)dx . (A2)
0

Because fe(x;G) here denotes an intrin;ic property of immobilization state x,
observed aFterations in F(G) for a given environmental state are direct manifes~
tations of changes in fE‘

The discussion above is based on the presumption that fE(x) is well

approximated as a convex combination (0 sac1) of impulse functions:

fe(x) = as(x) + (1-a)s(1-x) , (A3)
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where here x = 0 and x = 1 have been assigned to enzyme states denoted A and
B above, respectively. It is interesting to note that an alternative mode)
exists which leads to the same equation forms as Eqns. (1) and (2) above.

Suppose that the EPR spectrum of labeled enzyme of state x is the following

linear function of x:

fe(X;G) = %q) + x[fx(G) - fO(G)] (AL)

and that the specific immobilized enzyme activity depends on x in a similar

fashion

q{x) = qO + x(q] ~q0) (A5)
Substituting Egns. (AL) and (A5) into Egns. (A2) and (A1) yields

-1 -, .0

F(6) = xf (6) + (1-x)f" (6) (a6}
and

9 = Xq'+ (1-3)g° . (A7)
respectively, where X is the mean of the fE density function:

x = fx felx)dx . (A8)

0
Clearly, so long as x € 1, Eqns. (A6) and (A7) are formally equivalent to

Egns. (1) and (2).

However, the physical interpretation of the model just presented may be
significantly different from that of the two-state model. Provided that rela-
tionships (AL) and (A5) are valid, Eqns. (A6) and (A7) hold independent of the
form of fE(;)' Then, the applicability of Eqns. (A6) and (A7) (or, equivalently,
(1) and (2)) to the data does not necessarily imply a two-state distribution of
states for active immobilized enzyme. The enzyme states may be continuously

distributed instead.
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While the alternative model just described (called now the continuum-state
model) is mathematically equivalent to the two-state model, it is not neces-
sarily equivalent from the viewpoint of chemical and spectroscopic feasibility.
It is possible to dispel the continuum model by contradiction: suppose it is
true. |If fE(x) has significantly nonzero values for x values significantly
removed from zero and unity, enzyme states possessing EPR spectra given by
Eqn. (AL) are implied. Remembering that £%(6) and £'(0) correspond to fB(G)
and f,(G), respectively, identified above, this implies a multiple peak spectrum
for enzyme with this intermediate state.

Such a spectrum for a particular enzyme state is physically unreasonable.
It would occur only if the spin label oscillated back and forth between two
domains of the active site at a rate slower than the EPR spectrometer is capaBle
of detecting: specifically, based on the sensitivity limits of conventional
EPR spectroscopy, two overlapping spectra of the kind that characterize each
indole spectrum would result only if the spin label occupied each domain for
longer than 10”8 sec. Such a long residence time does not seem consistent
with an equilibrium between one spin label orientation and another. Similar
arguments can be constructed based on the K3Fe(CN)6 EPR indole spectra experi-
ments. For the paramagnetic molecule to eliminate one spectral component only,
the label would have to move into a position accessible to solvent, be quenched,
then move to a second environment away from solvent and regain its EPR signal.

Such a scenario is vefy unlikely given the expected rapid motion of the label

under these experimental conditions.
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FIGURE CAPTIONS

EPR spectrum of spin-labeled immobilized chymotrypsin, recorded in
12 mM indole (indole spectrum), showing characteristic features of

spectra from immobilized enzyme subpopulation A and subpopulation B.

EPR indole spectra of (from rear): spin-labeled chymotrypsin in
solution and immobilized chymotrypsin preparations CNBr-3,-4, and
-5. Arrows above rear spectrum indicate spectral features of sub-
population B that are present in each spectrum. The amount of
active enzyme immobilized on the support and the relative amount of
subpopulation A present in each sample increase in the direction of

the arrow at lower left.

Indole spectra of CNBr-5 in various concentrations of K3Fe(CN)6.
The portion of the spectrum contributed by subpopulation B becomes
progressively smaller as the concentration of K3Fe(CN)6 increases.

In 150 mM K Fe(CN)6 (bottom), only the spectrum of subpopulation A

3

is evident. The instrument gain used for recording the bottom
spectrum was 1.6 times the gain setting for the other three measure-
ments. K3Fe(CN)6 at 150 mM concentration affects the magnitude but
does not significantly alter lineshape of the subpopulation A

spectrum.

Decomposition of the indole spectrum of catalyst CNBr-5. The
middle spectrum is that which results when optimally weighted indole
spectrum of chymotrypsin in solution (below) is subtracted from the

indole spectrum of CNBr-5 (top). Weighting factors of each spectrum

are shown at left.



Figure 5.

Figure 6.
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Comparison of the indole spectrum of subpopulation A isolated in
150 mM K3Fe(CN)6 (line with circles), and the spectrum obtained
by subtracting the optimally weighted indole spectrum of chymo-

trypsin in solution from the indole spectrum of CNBr-5.

Residual indole spectra obtained by subtracting the optimally
weighted indole spectrum of chymotrypsin in solution from the

spectra of CNBr-4 and CNBr-5.
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PART 1I: DETAILED ANALYSIS OF IMMOBILIZED CHYMOTRYPSIN DEACTIVATION
IN ORGANIC SOLVENTS

CHAPTER 4: DEACTIVATION OF o-CHYMOTRYPSIN AND
a-CHYKOTRYPSIN-CNBr SEPHAROSE 4B
CONJUGATES IN ALIPHATIC ALCOHOLS
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INTRODUCTION

Enzyme structure and function are profoundly influenced by the
molecular environment of the protein. This environment is dictated by
the aqueous solution in the case of enzymes in solution and by the
combination of the solution milieu and nearby support structure in the
case of immobilized enzymes. Also, in the latter situation, the
immobilization event may perturb the native structure of the protein
and also modify its molecular dynamics. While this view of
immobilized protein structure and function is intuitively plausible,
relatively little data exist which directly support these hypotheses.

In this work a combination of characterization methods including
relatively recent EPR spectroscopy methods are applied to investigate
and to characterize the molecular structure and catalytic activity of
a particular enzyme, achymotrypsin, in solution and in immobilized
form. Previous investigations of achymotrypsin covalently attached to
CNBr Sepharose 4B have shown that the immobilized conjugate contains
multiple enzyme forms[1,2]. First, an inactive form exists in
approximately the same proportion to total immobilized enzyme as
existed in the immobilizing solution., Second, it has been shown by
EPR spectroscopy of spin-labeled o~chymotrypsin that immobilization
alters the average active site structrure of the immobilized enzyme
and also alters the intrinsic specific activity. Here similar methods
are applied to investigate a—chymotrypsimn in solutiorn and inm
covalently immobilized form in solutions of aliphatic alcohols,

Previous studies have already shown that the activities of
proteolytic enzymes such as a-chymotrypsin are particularly sensitive

to the presence of aliphatic alcohols [3,4]. Several possible
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mechanisms for loss of hydrolytic activity have been identified,
although the extent to which each mechanism will contribute in a given
situation remains somewhat difficult to predict. Transesterification,
in which the alcohol competes with water in the nucleophilic
deacylation of the enzyme-substrate intermediate, has been observed in
a variety of cases [5-7]. Also important is competitive inhibition of
protease activity caused by binding of alcohols to hydrophobic
portions of the enzyme’'s surface; i.e., those regions that normally
serve as secondary binding sites for polypeptide segments. This
phenomenon, which has been studied with a number of proteases [8-10]
including a-chymotrypsin [11,12], probably does not involve
significant conformational changes of the enzyme molecule. If the
alcohol concentration is sufficiently high, however, denaturation due
to gross conformational changes and breakdown of tertiary structure
can occur as a result of disorganization by the alcohol of the
protein’s hydrophobic interior [13,14]. Based on available data it
appears that increasing chain length and hydrocarbon content generally
correspond to imcreasing effectiveness of alcohols as protease

inhibitors [3,4] and/or protein denaturants [15,16].

MATERTALS
The a—-chymotrypsin (bovine pancreas, three times recrystallized,
salt free), N-acetyl-L-tyrosine ethyl ester (ATEE), and 4-
methylumbelliferyl—-p-trimethyl ammonium cinnamate chloride (MUTMAC)
were obtained from Sigma. 1l-oxyl-2,2,6,6-tetramethyl-4-piperidinol
was purchased from Aldrich. Methylphosphonic difluoride was obtained

from Alfa. CNBr—Sepharose 4B was a product of Pharmacia Fine
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Chemicals. Inorganic salts and all buffer solution components were
analytical grade reagents. Distilled water, deionized by passage
through two Research IonXchanger Model 2 columns supplied by Illimois

Water Treatment Co., was used throughout.

METHODS
Jumobilization procedure

o~Chymotrypsin was immobilized on CNBr-Sepharose 4B as described

in Clark and Bailey [1].

Enzyme assays

Catalytic activity of the immobilized enzyme was assayed by
measuring hydrolysis rates of ATEE. A detailed decription of t*he
procedure has been presented elsewhere [11], The guantity of
catalytically active enzyme was determined by active site titration
with MUTMAC, Active enzyme loadings before exposure of the catalysts
to alcohol solutions were measured as described in [1].

Slightly different titration procedures were employed to
determine the amount of active enzyme remaining after contact with the
alcohols. In the case of the free enzyme, 0.1 ml of enzyme—alcohol
solution was added at various times to 3.25 ml potassiuvr plosphate
buffer (pH 7.3, 1 M NaCl) containing 250 0.2 mM MUTMAC, For the
immobilized enzyme, 0.1-0.2 ml of the immobilized enzyme—alcohol
slurry was removed from the main reaction vessel at various times and
added t6 a Millipore 13—-mm ultrafiltration cell (cellulose ester
filter, 8 pm mean pore diameter). Following filtration of the alcohol
solution, 3.25 ml MUTMAC solution were pessed through the filtration

cell containing the catalyst (flow rate 8 m1/min) two times, then
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transferred to the spectrofluorometer where the fluorescence of
liberated product was measured. Appropriate controls showed that the
total contact time between MUTMAC solution and catalyst under tkese

conditions was more than sufficient for all of the enzyme to react.

Preparation of spin—labeled enzyme and EPR measurements

The spin label used in this study, 1-oxyl-2,2,6,6—tetramethyl-4-
piperidynl methylphosphonofluoridate, was synthesized according to
Morrisett, et al. [17]. a~Chymotrypsin in its soluble form was spin
labeled by the procednre of Morrisett and Broomfield [18], except that
acetonitrile was used in place of benzene. The immobilized enzyme was
spin labeled in similar fashion: to 250 mg enzyme—Sepharose
conjugate, in 5 ml .pa 0.1 M acetate buffer (pH 5) was added 0.5 ml
acetonitrile containing a 100-fold molar excess of spin label. After
two hours of gentle stirring at room temperature, the conjugate was
washed and prepared for EPR analysis as described previously [1]. The
EPR spectra were recorded in 1 mM acetic acid (pH 3.5) or in mixtures
of 1 mM acetic acid {pH 3.5) and alcohol. All spectra were taken at
room temperature at the X band using a Varian E-Line Century Series
EPR Spectrometer interfaced to a Digital Equipment Corp. PDP-8/A

minicomputer. >

Deactivation conditions

To examine deactivation of the free enzyme, 2.5 ml n-propanol
were added to 2.5 ml aqueous enzyme solution (4 mg a-chymotrypsin/ml),
and at various times aliquots were removed for active site titration.
Deactivation of the immobilized enzyme was studied by first isolating

a quantity of immobilized enzyme from its agqueous storage solution
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with the Millipore filtration cell, then transferring the conjugate
into a scintillation vial containing the alcohol solution of interest
(alcohol solutions consisted of the analytical grade alcohol and
distilled, deionized water, pH 4.7, except for those used in the EPR
measurements, as mentioned). The resulting slurry (20 mg catalyst/ml)
was then stirred gently at room temperature with a magnetic stirrer

and samples removed at given times for analysis.

RESULTS: a—CHYEOTRYPSIN IN sOLUTION

In order to establish a baseline for later immobilized enzyme
studies, a-chymotrypsin in solution was exposed to a 50% n—propanol
solution (final enzyme comncentration: 0.95 mg active chymotrypsin/ml
solution). Deactivation kinetics were almost impossible to measure
because reduction in the quantity of active enzyme occurred so
rapidly. The two data points obtained were as follows at 1 and 5
minutes after exposure to alcohol solution, the fraction of remaining
active enzyme was 39% and 0.17%, respectively. These data show
clearly that this environment is extremely active in dematuring the
native form of the enzyme.

In order to gain further insights on the influence of alcohols on
g-chymotrypsin déactivation in solution, spin—labeled enzyme was
exposed to alcohol solution and the EPR spectrum of the preparation
measured. Fig. 1 illustrates the spectra obtained in three different
experiments. The top spectrum for the spin—-labeled enzyme before
exposure to n—propanol solutions provides a reference frame for the
other spectra. The second frame shows the spin—labeled enzyme's EPR

spectrum recorded in 50% n-propanol solution. Great sharpening in the
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spectrum clearly indicates less restricted label motion which resclts
from unfolding of the protein molecule. The EPR spectrum for spin-—
labeled enzyme in 930% n-propanol, shown at the bottom of Fig. 1,
illustrates new modes indicative of appearance of a different class of
enzyme forms with modified active—site structures. Interestingly,
under these conditions, the enzyme is beginning to precipitate. This
experiment suggests that EPR spectroscopy may be useful in studying
modification of protein structure which results from intermolecular

interactions which accompany aggregation.

RESULTS: o—CHYEOTRYPSIN-CNBr SEPHAROSE 4B CONJUGATES

Quantity of active enzyme

The influence of exposure to alcohol on the remaining amount of
catalytically active immobilized chymotrypsin is determined by active
site titration. The effects of different alcohols and of alcolol
concentration on the kinetics of disappearance of active enzyme is
illustrated in Fig. 2. These measurements clearly demonstrate that
immobilization stabilizes co—chywmotrypsin significantly. This result
is consistent with the appreciable hydrolytic and synthetic activities
in ethanol-glycerol solutions of immobilized chymotrypsin reported by
Ingalls et gl.'[19] and with the stabilization effects of
immobilization observed previously for the protease trypsin [20,21].

The kinetics of loss of active enzyme are very much different
than observed for the enzyme in solution (shown for comparison in
Fig. 2). Deactivation rates are significantly greater in n-propanol

than in t-butanol. Im all cases for the immobilized emzyme, the

kinetics of active enzyme disappearance differ significantly from
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first order. ©For each of the immobilized enzyme deactivation
experiments, a fraction of the initially active enzyme remains active
at the end of the indicated intervals of alcohol exposure. This
implies that an enzyme subpopulation exists that is not deactivated by
exposure on this time scale to these alcohols. The residual activity
after two-hour exposure to alcohol depends upon the alcohol used and
its concentration.

Experimental data plotted in Fig. 3 shows the time trajectory of
active enzyme following exposure of immobilized enzyme catalyst
formulations which differ in their initial content of active enzyme
and initial specific activity to solutions of 50% n—propanol and 90%
n-propanol. The deactivation kinetics have the general features jost
summarized. Interestingly, the loss of active enzyme kinetics are
quite similar for the same alcohol solution for different

preparations, although some differences are apparent.

Quantity of immobilized enzyme

The amount of enzyme associated with the a-chymotrypsin—~-CNBr
Sepharose conjugate and the amount of enzyme and possible proteolysis
products released into solution were measured by amino acid anmalysis
after different éxposure times to 50% n—propanol. The results are
summarized in Table I. Also shown there for comparison is the
quantity of active enzyme retained with the conjugate at the same
exposure times. These data show some protein loss from the support.
Examination of the amino acid profile of protein in solution (data not

shown) provides some evidence of proteolysis. The amino acid

distribution of the soluble protein is slightly different from that
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characteristic of native a-chymotrypsin. The information in Table I
clearly shows that the total loss of active enzyme is much greater
than total loss of protein, indicating that exposure to alcohol
solution inactivates sigpificant quantities of immobilized enzyme. It
is inactivation of the enzyme retained in the conjugate rather than

enzyme removal from the conjugate that is the dominant deactivation

process.

Catalytic activity

An a-chymotrypsin-CNBr Sepharose 4B conjugate containing
initially 0.88 umol active CT/g support was exposed to a 50% n-—
propanol solution in a gently agitated slurry. Samples were withdrawn
intermittently, and the catalytic activity of the preparation for ATEE
hydrolysis determined. The results are listed in Table II in terms of
the observed activity per unit amount of catalyst preparation, in
terms of the observed activity per unit amount of active enzyme
(determined by parallel active site titration experiments) ard
diffusion—corrected intrinsic specific activities of active enzyme.
The latter numbers are obtained by applying the procedure for
extracting intrinsic activity information from diffusion-disguised
activity data previously described [1].

These data illustrate several important points. First, the
overall activity per wnit amount of support, the quantity typically
reported in enzyme deactivation studies, declines as expected as a
result of exposure to alcohol. However, with the additional
measurement of the quantity of enzyme which is active, the specific

activity of what remains may be examined. The observed specific
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activity increases dramatically. Here, however, caution must be
exercised in interpretation because of diffusional effects. If the
measured activity for the initial preparation is significantly
influenced by diffusion limitations, as the amount of active enzyme in
the preparation declines, the relative significance of diffusion
relative to reaction limitations will decline. In other words, the
effectiveness factor for the catalyst will increase. Such an
effectiveness factor increase is expected to result in an increase ir
the observed specific activity. Consequently, it is important to
decouple the substrate diffusion effects on measured overall
activities from the intrinsic cetalytic activity of the enzyme. The
results of application of such a procedure, shown in the right—hand
column in Table I, indicate that the iptrinsic specific activity of
active enzyme does pot change nearly so much as the overall observed
specific activity, clearly demonstrating a decline in the influence of
diffusion resistance during the deactivation process. Much of the
increase in specific activity shown in the observed specific activity
column is due to this effect.

However, it is extremely interesting to note that the estimated
intrinsic catalytic activity of tle enzywme remaining active after
different exposure times to 50% n-propanol solution increases somewhat
as a result of exposnre to alcohol. This indicates that much of the
overall loss of catalytic activity of the immobilized enzyme conjugate
is due to complete deactivation of some of the enzyme. Explanation of
the increase in intrinsic specific activity during deactivation

depends upon a detailed analysis of active enzyme subpopulatioans in
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this catalyst which have been previously identified [2]. This

analysis will be reported in a subsequent publication.

EPR observation of spin-labeled enzyme deactivatiom

The time sequence of EPR spectra for spin—labeled chymotrypsin-—
Sepharose exposed to 50% n-propanol is presented in Fig. 4. The front
spectrum corresponds to spin-labeled chymotrypsin on Sepharose 4B
before alcohol solution addition. The successive spectra shown were
obtained at 4 minute intervals after addition of 50% n-propanol. Time
increases in the direction indicateé by the arrow.

The sharp, large—amplitude modes correspond to highly mobile
label in substantially unfolded enzyme molecules. In this experiment,
the effect of denaturation on the active-site local environment is
shown directly. One unknown prior to these experiments was the extent
to which exposure to alcohol might cause detachment of spin label from
its attachment site in the enzyme active site. Such label detachment
would limit the application of EPR spectroscopy for studying this kind
of deactivation process. Significantly, the spectra shown here
manifest mno significant evidence of detached spin label.
Consequently, EPR spectroscopy should be of quite general
applicability in‘studying enzyme deactivation in alcohols provided
that suitable active—site labels and labeling methods can be
identified for the enzyme system of interest.

It was observed that the peak heights of the sharp ﬁodes which
develop over time in these experiments might be used to indicate the
kinetics of enzyme unfolding. Plotted in Fig. 5 is the time

trajectory of the normalized reciprocal heighkt of the first sharp mode
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in the spectra shown in Fig. 4 as well as the apalogous mode heights
for a number of other successively measured spectra. Shown for
comparison in Fig. 5 is the amount of active enzyme versus time as
measured by active site titration. Interestingly, both types of
experiments give similar behavior: an initial extremely rapid chan:e,
followed by a transition to a plateau with kinetic behavior clearly
different from first order. These data demonstrate the possibility of
using EPR data directly to determine deactivation kinetics.

These deactivation kinetics should be quite useful in
understanding overall deactivation mechanisms which can depend upon a
combination of changes in the molecule, with corresponding
manifestations in catalytic activity. The interesting feature of
deactivation kinetics monitored by EPR spectroscopy is direct access
to information on active site structure so that one can determine the
time course of structural modifications. Fig. 5 can be viewed as a
confirmation of expected structure—function relationships since, as
the quantity of enzyme with significantly unfolded active sites
increases, so too is the quantity of catalytically active enzyme

expected to decline.

DISCUSSION
The data presented above clearly illustrate the power of
simultaneons application of complementary analytical and physical
methods to the study of enzyme deactivation. Key measurements are
active ;ite titrations, which allow direct determination of the

quantity of catalytically active enzyme, and EPR spectroscopy, which

provides direct information on the conformation of the population of



-83-

protein molecules considered. The EPR spectrum for enzyme in solution
with 90% n—propanol is consistent with multiple forms which can be
tentatively identified as soluble and aggregated, precipitating
enzyme. This indicates significant potential in a more general sense
for EPR spectroscopy in investigating changes in protein configuration
and consequently potential inactivation caused by aggregation in other
systems, This may be of significance, for example, in the study of
protein aggregation, solubilization, and reactivation encountered in
the produnction of eucaryotic proteins in gemetically engineered
bacteria.

It was shown that the kinetics of enzyme unfolding can be
monitored directly by EPR spectroscopy and that such measurements
correlate closely with a functional assay based upon activity towards
a suicide inhibitor (the active site titrant MUTMAC). The kinetics
are clearly distinct from first order. An immobilized enzyme
subpopulation exists which resists dectivation during 120 min.
exposure to aliphatic alcohols. Qualitatively similar deactivation
kinetics were observed for five different experiments involving two
different immobilized chymotrypsin conjuates and three different
alcohol sclutions. By contrast, chymotrypsin in solution is rapidly

deactivated under these conditions.
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TABLE CAPTIONS

Measured reaction rates and estimated intrinsic specific
activities of immobilized chymotrypsin after different
exposure times to 50% n-propanol. Parameters used in the
calculation of intrinsic specific activities are: average
radius R of the support particles, 60 pm effective
diffusivity D g of ATEE through CNBr-Sepharose 4B,
3.8 x 10 %cm? s—l; Michaelis constant K of immobilized

enzyme, 1.7 mM [1].

Comparisons at different exposure times of the residual
loading of active chymotrypsin with the amount of protein

released into solution and remaining on the support.
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Figure 1:

Figure 2:

Figure 3:

Figure 4:
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FIGURE CAPTIONS

EPR spectra recorded at room temperature of spin-labeled a—
chymotrypsin in 1 mM acetic acid solution, pH 3.5, mized
with n-propanol in proportions (v/v) as marked. Gain aud
power settings for each spectrum are (from top): 1.6, 5 mW;

2.5, 5 m¥W;4.0, 30 mV.

Fraction of enzyme remaining active, determined by active
site titration, versus exposure time to various alcohol
solutions. Imitial loadings of active immobilized
chymotrypsin: -V-, 0.922 pmols gvl; ~-@® -, average of
runs with 1.09 and 0.967 umols g—l; -0-, 1.09 gmols g-l.
Free enzyme concentration in alcohol solution: -4A -,

0.474 mg mi L,

Active enzyme content as a function of exposure time to
different alcohkol solutions for various a—chymotrypsin—CNBr
Sepharose conjugates. Initial active enzyme loadi;gs:
~A-, average of runs with 1.06 and 0.967 umols g—l- -9 -

3

average of two rums with 0.567 pmols g_l- -0 -,

>

0.623 pmols g L, - M-, 1.09 pmols g 1.

EPR spectra of spin-labeled a—chymotrypsin—CNBr Sepharose
(0.967 pmols active chymotrypsin g-l) in 50% n-propanol.
Front spectrum is of spin—labeled chymotrypsin on Sepharose
4B before eaddition of n-propanol. Successive spectra

obtained at four minunte intervals following addition of n-—
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propanol. Time increases in direction of arrow. All

spectra were recorded at the same instrument settings.

Immobilized enzyme deactivation kinetics from EPR
spectroscopy. Lower curve shows time sequence of denatured
enzyme inverse EPR peak heights (see Fig. 4) of spin-
labeled immobilized enzyme in 50% n-propanol. Shown for
comparison is the amount of active enzyme versus time as

measured by active site titration.
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CBAPTER 5: DEACTIVATION KINETICS OF IMMOBILIZED
a—~CHYHOTRYPSIN SUBPOPULATIONS
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INTRODUCTION

The economic feasibility of many enzyme—catalyzed
biotransformations hinges critically on the active lifetime of the
enzyme catalyst. Despite substantial research, the mechanisms of
enzyme deactivation in solution are poorly understood. Even more
unknown are the deactivation processes which occur for immobilized
enzymes. While many previous studies have reported alterations in
deactivation kinetics as a result of enzyme immobilization, many of
these investigations did not properly account for changing diffusion
effects on observed activities. In these cases, it is not possible to
define clearly whether or not immobilization actually has altered the
intrinsic stability properties of the protein.

Many experimental studies have shown that the kinetics of enzyme
deactivation in denaturing environments often differ substantially
from first—-order decay. A number of alternative mechanistic
hypotheses and corresponding mathematical models have been proposed to
describe such deactivation processes. These include the two—stage
deactivation model in which an active enzyme form undergoes a
reversible transition to an inractive form in the first stage
transition, followed by a second stage transition of the reversibly
inactived form to another inactive form Qia an irreversible step.1
Alternate models have been formulated in which a distribution of
states among the active enzyme molecules is hypothesized.2 Then,
assuming- that different states deactivate at different rates, overall
population deactivation differs significantly from first order.

Unfortunately, when the only experimental data available are the

time trajectory of enzyme activity, there is a large set of
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alternative deactivation models which can equally well fit the
experimental data. In such circumstances, ome must view models which
successfully fit the data only as acceptable candidates and not as
identified deactivation mechanisms. The ability to fit certain data
with a given model in no way proves that the model is correct — only
that the model is consistent, possibly among many possible consistent
models. This aspect of modeling logic has been frequently overlooked
in previous examinations of deactivation kinetics.

In this investigation, a variety of experimental methods have
been applied in concert to characterize in detail deactivation
kinetics of a—chymotrypsin-CNBr—Sepharose 4B conjugates. The most
critical data in this investigation, which focus upon the parallel
deactivation of different active forms of immobilized enzyme, are EPR
spectroscopy. It has been shown previously that the motiom of a spin
label attached at a specific point in the active site of a-—
chymotrypsin, as manifested by the label's EPR spectrum, provides
sensitive information on the molecular state and catalytic activity of
the protein molecule.

In previous research on a variety of different preparations of
immobilized a-chymotrypsin, it was shown that the immobilized enzyme
consists of two different active forms, which will be designated here
A and IL3 The characteristic EPR spectra of the spin—labeled form of
A and B immobilized enzyme have been defined, and this information has
been used to determine the relative amounts of A and B forms resulting
from different immobilization procedures and supports. Combining such
information with catalytic activity measurements of these different

supports, the initial intrimnsic activity of each enzyme form has been
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estimated. This analysis has shown that form A, in which the spin-
label motion is much more constricted than in form B, possesses
approximately 15 times less activity than does form B. This is
consistent with intuitive expectations on the relationship between
active site structure and the efficiency of enzyme function, and is
the first report of this type known to the authors for immobilized
enzymes.

With this knowledge of the initial state of the system
established and with access to extremely powerful tools for
characterization of immobilized enzyme at the molecular level, this
work explores the deactivation behavior of the A and B immobilized
enzyme subpopulations in the presence of a solution containing 50% n-
propanol. It has been shown previously that, in this environment,
globular proteins in solotion exist in unfolded and/or ordered helical
forms, presumably because of interference with intramolecular

hydrophobic interactions.

HATERTALS AND HETHODS

Materials and methods for preparation of a-chymotrypsin—Sepharcse
4B conjugates, for assay of enzyme catalytic activity, for
determination of fhe quantity of active enzyme, and for spin labeling
the enzyme with spin label m—-IV4 and with ap organophosphate spin
labe15 have been previously described.é’7

Two new procedures were implemented in this work in order to
epply E;R spectroscopy to analysis of subpopulation respomses to

deactivation. In order to examime perturbations im active site

structure of active enzyme caused by deactivation, the following
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procedure was applied: 0,20 grams of immobilized enzyme catalyst were
exposed to 10 ml of 50% n-propanol (pH 7.2). Intermittently,
0.10 gram samples of immobilized enzyme samples were withdrawn from
the deactivation reactor and reacted with spin label m-IV as
previously described. However, a modified washing procedure was then
employed; the labeled enzyme was continuously flushed with 9% v/v
acetonitrile in 1 mM acetic acid for 5 min. After this washing, the
sample was transferred to the EPR spectrometer (Varian E-Line Century
Series interfaced to a Digital Equipment Corp. PDP-8/A minicomputer)
an& the EPR spectrum of the sample was recorded intermittently.

A somewhat different procedure, based in part on the results of
the previous experiment, was applied in order to estimate the
fractions of A and B enzyme forms remaining active after different
exposure times to n—propanol solution. Samples withdrawn from the
deactivation reactor were labeled as previously described and washed
for 16 hours. EPR spectra were then recorded and decomposed into A
and B components by the previously described method,3 the spectrum of
either the A or the B form identified in previous studies of the
initial immobilized enzyme preparation was subtracted from the overall
spectrum until the difference spectrum showed no features indicative
of two populations and also no physically unreasonable features. As
noted previously3, this procedure, while apparently somewhat
subjective, is quite sensitive and offers estimates of the active A

and B frections without significant ambigiuity.
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A CONCEPTUAL VIEW OF DEACTIVATION

Earlier investigation of chymotrypsin covalently attached to
CNBr-Sepharose provided clear evidence of the existence of two
different active forms of immobilized enzyme. Further evidence is now
available based upon EPR measurements of a-chymotrypsin in solution
and immobilized chymotrypsin, both labeled with a different stable
nitroxide. In previous work with spin-label m-IV, it was pecessary to
add indole, a competitive inhibitor of the enzyme, to the spin-labeled
enzyme sample in order to provide clear resolution of multiple
population features in the immobilized enzyme spectrum. As shown in
Fig. 1, these differences are clearly manifested without the additiop
of indole for the organophosphate spin label. The upper spectrum is
typical of a relatively homogeneous population of immobilized-enzyme
active site environments and corresponding spin—label motions, while
the lower spectrum for the immobilized enzyme exhibits features
clearly indicative of at least two forms of immobilized enzyme.

Since the immobilized enzyme catalyst before deactivation
contains two different active enzyme forms, the simplest
representation of the deactivation process involves four parallel
steps indicated in Fig. 2. Both enzyme forms may undergo a transition
to a completely inactive form. Imn parallel, both enzyme forms may be
perturbed into altered forms which, although still catalytically
active, possess reduced activity relative to the imitial enzyme state.
It shoula be noted that, given the potentially diverse nature of the
population of immobilized enzyme molecules and their potentially
complex, multistep responses to deraturing environments, this view is

likely extremely oversimplified. However, it has only proven possitle
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in research to date to provide experimental data at a level of

resolution compatible with the conceptual view shown in Fig. 2.

SUBPOPULATION DEACTIVATION KINETICS

Applying methods described above, it is possible to spin label
immediately after some interval of exposure of n-propanol the enzyme
subpopulations which are catalytically active at that point. Vhile
direct demonstration of the correspondence between ability to label an
enzyme molecule and its ability to catalyze substrate conversion has
not been proven conclusively for deactivated imncbtilized enzymes,
there is substantial evidence in favor of this correspondence for the
enzyme in solution.8 Investigations of o—chymotrypsin immobilized on
CNBr—Sepharose 4B prior to deactivation support the validity of this
correspondence for the immobilized enzyme. For a2 number of different
preparations possessing different contents of active enzyme, the
quantity of catalytically active enzyme as detemined by active site
titration is directly proportional in each case with the quantity of
spin—labeled enzyme determined by double integratiom c¢f the EPR
spectrum. Accordingly, it is reasonable to apply this hypothesis to
immobilized enzyme after exposure to denaturing conditionms.

After a relatively short wash to remove unattached spin label,
the spin—labeled immobilized enzyme was transferred to the EPR
spectrometer and the spectrum was recorded zfter different times. The
results, presented in Fig. 3, contain a number of interesting
features. The line shape ir the neighborhood of the mode labeled A,
characteristic of enzyme form A, does not change significantly.

However, the other mode characteristic of enzyme form B is
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substantially accentuated immediately after the wash. This may be a
direct observation of the altered active site configuration of a
modified form of immobilized enzyme B which, although retaining
ability to react with the label, allows significantly greater 1label
mobility, expected for a partially unfolded active site, than does the
initial form of immobilized enzyme chymotrypsin-B. As time proceeds,
the sharply perturbed B mode relaxes, approaching after twelve bhours a
lineshape closely approximating that of enzyme form B initially.

This result suggests a strategy for estimating the relative
quantities of immobilized chymotrypsin—A and immobilized chymotrypsin—
B rewmaining asctive after different intervals of deactivation. Since
the EPR spectra of form A and form B in the initial state are kpnown
from previous studies, one can extract a sample from the denaturing
environment and apply spin label so as to label only the A and B
enzyme remaining active at that point in time. Then, by washing that
spin-labeled preparation for twelve hours or longer, the spectra
components contributed by forms A and B will relax to the kLnowr
spectra characteristic of the initial enzyme forms. Spectral
decomposition methods may then be applied to determine the amount of A
and B forms whick were spin labeled after sampling.

Fig. 4 shows the indole EPR spectra of a—chymotrypsin—Sepharose
4B conjugates obtained by this method. The exposure times to 50% n-
propanol prior to sampling and spin labeling are indicated on the
figure.~ Visual examination of this data clearly shows thkat the
relative quantities of active chymotrypsin—A and active chymotrypsirn-F
change as a result of exposure tc alcohol with the relative quantity

of the B-form increasing with time.
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Results indicating the success of the refolding procedure and¢ the
EPR spectral decomposition methodology are shown in Fig. 5. In this
example, immobilized chymotrypsin after exposure to 50% n—propanol for
5 minutes was spin labeled, washed extensively, and analyzed on the
EPR spectrometer. The EPR spectrum of enzyme form B in its initial
state, which is the same as the indole EPR spectrum of the enzyme in
solution, was subtracted from the overall sample spectrum untii the
specified criteria were satisfied. Fig. 5 shows the residual spectrum
obtained in this way along with the. spectrum of enzyme form A in its
initial state. While not exact, the correspondence between the two
spectra is excellert considerirg the complexity of these measurements.
This result and others like it for different exposure times to n-—
propanol support the applicability and validity of the applied
me thodology.

By means of this procedure, the fractions of active immobilized
chymotrypsin-A and immobilized chymotrypsin-BE (“A and ags
sespectively) were determined as a function of exposure time to
denaturing conditions. Combined with active site titration data
providing the total quantity of active enzyme at tlie same times, the
catalyst content of active form A and active form B, I\ and eps
respectively, have been determined. These results are listed in
Table I. Caution should be exercised in inferring from these results
that the A and B forms deactivate by different kinetics. As shown in
the Appendix, shifts in the active form distribution may occur in many
cases in which each subpopulation has the same deactivation kinetics.

The specific activity based upon total active enzyme, v{(t), may

be written at time t in the form
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ap(£)vy(t) + aplt)vg(t) = v(t) . (1)

With the addition of intrinsic catalytic activity measurements, this
is a single equation in two unknowns, the specific activities of the A
and B enzyme forms, at each time t. However, based upon other
information, it is possible to make reasonable hypotheses which allow
application of Eq. (1). It was observed in the EPR data shown in
Fig. 3 that exposure to alcohol, while preferentially completely
inactivating some enzyme of form A, did not alter substantially the
EPR spectrum of the chymotrypsin—A remaining active. Accordingly, as
one plausible model, it may be assumed that the specific activity of
enzyme form A is not substantially altered by exposture tc azlcohol,

corresponding to the statement

where VAO is the initial specific activity of enzyme form A. As an
alternative, it might be assumed that both forms of active enzyme lose

activity in constant proportion, giving rise to a second hypothesis,

v(t) £(E)vy (3.1)

il

vB(t) f(t)vAO (3.2)

Applying experimental data for v(t) and subpopulation fractions
aA(t) and aB(t) from EPR analyses, the specific activities of enzyme
forms A and B after different deactivation intervals may be estimated
by applying Eq. (1) together with either Eq. (2) or Egq. (3). The

results of such calculations are listed in Table II. While these
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results must be viewed with some reservation because of the necessity
of invoking certain hypotheses in determining these numbers, it is
interesting to note that the important trends are the same for both of
the hypothetical models represented by Egs. (2) and (3). The activity
of enzyme form B, by far the more active enzyme form, remains
relatively constant during the initial 60 min. of deactivation but

then decreases signficantly.
RELATIONSHIP BETWEEN IKKOBILIZATION AND DEACTIVATION SEQUENCE

In previous investigations in which different quantities of a-
chymotrypsin were immobilized on CNBr-Sepharose, it was observed that
the fraction of chymotrypsin—A increased as the guantity of enzyme
affixed to the support increased. The present investigation shows a
reverse effect. As enzyme activity is removed by deactivation, enzyme
of form A deactivates completely more rapidly than does form B,
causing an increase in the fraction of chymotrypsin-B as the quantity
of active enzyme is reduced. This cbservation suggests the following
interesting question: JIs there a one—to—one relationship between the
amount of active enzyme and the proportions of A and B forms
independent of how one arrives at that amount of active enzyme?

This interesting possibility has been explored based upon the
methods and data presented above. Two different immobilized enzyme
conjugates possessing approximately the same quantity of active enzyme
were péépared in two completely different ways first, by an
immobilization process giving that quantity of active enzyme, and,
second, by preparing a catalyst containing an initially greater amount

of active enzyme which was then reduced by exposure to 50% n-propanol
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to the same amount of active enzyme as the first preparation. These
two preparations were then spin labeled and examined by EPR
spectroscopy. The spectrum for each is shown in Fig. 6. The nearly
identical lineshapes in the two cases strongly suggest that the
distribution of A and B forms is a function of total active enzyme
loading but not of the means of producing that loading.

Further evidence for a one-to-one correspondence between active
enzyme content for a particular support and the fractions of A and B
forms is contained in Fig. 7. Shown there are data based upon a
number of different preparations with different initial loadings of
active enzyme illustrating the relationship between the amount of
active enzyme immobilized and enzyme—A fraction. Shown also are data
obtained during the time course of deactivation of another immobilized
enzyme preparation using a similar Sepharose material., While the
latter points are consistently above the former, the similarity in the
suggested functional relationship in the two quite different cases is
surprising, considering the potential experimental error in the
measurements.

DISCUSSION

EPR spectroscopy of spin—labeled enzyme, allied with associated
measurements of catalytic activity and the quantity of active
immobilized protein, has provided unprecedented insights into the
deactivation events which occur when a-chymotrypsin-CNBr~Sepharose 4B
conjugates are exposed to 50% n—propanol. The results provide a clear
explanation for the counterintuitive experimental observation that the
overall specific activity of active enzyme increases during the

deactivation process. Based upon the information given in Tables I
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and II, this behavior is clearly deciphered. Wkile overall activity
declines substantially as a result of exposure to alcohol, this is due
primarily to complete inactivation during the initial 60 min. of forms
A and B. Form B, which has much lower specific activity than form A,
is preferentially deactivated. The result is a shift in the
distribution of the two enzyme forms, resulting in an increase in the
relative amount of the much more active form A. This result is proven
by the direct EPR data itself (Fig. 4) and stands in spite of any
possible reservations about the spectral decomposition calculations
and subpopulations specific activity estimates.

Observation of a2 relationship between the quantity of active
enzyme immobilized and the fraction of A and B active forms which
applies both to preparation of the catalyst and to its deactivation
offers some basis for hypotheses concerning the origin of the A and B
forms and the identity of those enzyme subpopulations most labile in
the presence of alcohol. The results summarized in Figs. 6 and 7
suggest that the last enzyme immobilized is the first enzyme to
deactivate. This may occur because enzyme molecnles binding to the
surface initially occupy certain preferred sites which perturb the
native enzyme structure relatively little (larger perturbations imply
greater increases in free emergy of the molecule) and that subsequent
enzyme attackment to the surface occurs at different, less favorable
sites which cause more substantial disruption of molecular structure.
The greater tendency to immobilize enzyme in A form as more enzyme is
attached may be due either to an a priori hetercgeneity in the support
material (different binding groups, binding group densities, gel

structure) or due to induced keterogereity because of interactioms of



-108-

enzyme which attaches later with those protein molecules already
established on the surface. These alternative mechanisms for
heterogeneity in adsorption and chemisorption are well known for
adsorption of gases and liquids on surfaces.9

Interestingly, this research has shown that the enzyme which
immobilizes last has the most perturbed collection of active site
environments and perhaps also the largest free energy imncrease
relative to the native enzyme form ir aqueous solution. These more
perturbed molecular forms are apparently more vuloerable to further
unfolding to inactive states in the presence of n—propanol.

In addition to providing detailed information on a particular
immobilized enzyme catalyst, these studies demonstrate a powerful and
potentially generalizable methodology for the study of immobilized
enzyme systems. EPR spectroscopy, which can be applied to opaque
samples and which provides sepsitive information directly about the
active site environment and perturbations of that environment,
warrants significantly greater development and emphasis as a tool for
characterization and eventually for optimization of immobilized enzyme

catalysts.
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APPENDIX: ENZYME SUBPOPULATION DYNAMICS AND DEACTIVATION KINETICS

Studies of the overall kinetics of large sets of parallel reactions,
often conducted previously in the context of hydrocarbon processing, have
shown that both power law kinetics (e.g., second order)lo and a weighted

11

sux of decaying exponential functions™ can usefully approxrimate oversll

composition ~time trajectories. Since enryme deactivation is conceptually
similar to these reaction netvor;s. the same types of kinetics are expected
to be appropriate for describing overall activity decay, and, indeed, both
kinetic models have been applied previously to describe enzyme
delctivution}2“14 Analysis of experimental data for active eniyme decay

kinetics of a-chymotrypsin-CNBr Sepharose 4B conjuogates in 50% n-ptopnnol7

shows reasonable spproximation by

de N
qGL = ke (A1)

where k = 0.166 ("_01,')~2.23.1n—1 and N = 3.23. VWhile perhaps less
appealing on a mechanistic basis (which actually Ras mo sound foundstion
unless presumed intermediates are detected and monitored directly) than
alternative models, this form of kinetics representation is advantageous
for the following analysis.

Considering the change with time in the relative fractions of A snd B
active enzyme forxs decribed above, it might be appealing to propose
different desctivation kimetics for the tvo types of asctive enxyme.
However, a5 will be shown next, shifts in the distribution of A and B forms
are expected in many cases oven when both A and B enryme types desctivate
with exactly the same powver-law kinetics. To show this, assume that decay

of enryme~A and enzyme-B are described by
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de
A N
at = “kep ; a(0) = ep (a2)
de
B N
Tt " Tkes ; ¢g(0) = ep s
respectively.
For M1, the solution of these equstions is
L
R-1 1-N
ei(t) = eio[u(u ”eio kt’] ; i= A,B . (A4)

For N<1, this equation spplies up to time (l—N)"leig-Nk-l. after which
¢, ~0. Based on the overall deactivation behavior observed for
immobilized ag-chymotrypsin, the case K>1 is of primary interest. For N1,
the analysis is restricted to times t sufficiently small 30 that both e,
and eg are monzero.

The fractions of sctive enzyme in forms A and B at time t are given by

ei(t)

o, (t) = i 1= AB. (A5)

ep(t) +eplt)
The central objective of this analysis is to investigate the redistribution
of the active enzyme forms as deactivation occurs. For this system with
tvo sctive enzyme types, the redistribution can be characterized by the
direction (sign) of the change with time of the ratio of o, to ag which is

given by

Ql)ﬂ
[

o
e

( a) “ ?i“(;) ’ a6)

where Eq. (AS) has been used to obtain the right-hand side.
Conducting the differentiation indicated on the right-hand side of

Eq. (A6) and using Eqs. (A2) and (A3) to write the time derivatives of ¢,



-112-

snd eg in terms of €, and °g yields

%a ke peg N-1 N-1
.&—— - 7 eB - eA . (L7)
B B

o.
&l

e

SBince the first term on the right-bhand side of Eq. (A7) is never negative,
)

it follows that
4 (%A N-1 _  N-1
s ldt\eg/] T "% T %A ’ (a8)

where sgn () denotes the sign or signom function. Applying Eq. (A4), one

obtains

N-l MR
N1 KA B Ao 1)
= - . . 1
B A [1+(N-1)eBN ! kt][u(N-\)eAN ! kt]
0 0

Since the denominstor of the right-hand side of Bq. (A9) is slways positive

under the conditions of interest,

S S S A W S T U
sg EB eA $g Bo Ao .

(A10)

Combining Eqs. (A8) and (A10) gives the fimal result

dt op Bo Ao

This equation shows that the active enzyme distribution will change in many
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cases throughout the deactivation process so long as both active forms
coexist. Table A] summarizes the different possible situations as revealed
by Eq. (A11)(a separate. straightforward anslysis gives the N = 1 xesult).
It is interesting that the sign of d(aA/nB)/dt depends only on the kinetic
order N and the jinitial concentrations of ¢, snd op- This implies that the
“A,“B ratio changes in the sampe direction throuvghount the deactivation
process. This anslysis shows that observed shifts in the active
subpopulation distribution do not necesserily imply different kinetics for

sobpopulation delctiv:tion;
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TABLE Al

Relationships among deactivation kinetics order N, initial active
enzyme distribution, and the change in the active enzyme
distribution (cp/ap = ep/eg) with time during deactivation

based on the model described in the Appendix.

N eAO/eﬁo a?/o®
>1 >1 decreases
>1 1 increases
any 1 constant

1 any constant
{1 ’1 increases

{1 <1 decreases
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Figure 1

Figure 2

Figure 3

Figure 4
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FIGURE CAPTIONS

EPR spectra recorded at room temperature of a-chymotrypsin

labeled with organophosphate spin label. Upper spectrum:

spin labeled a-chymotrypsin in 1 mM acetic acid,

0.1 M KC1, pH 3.5. Lower spectrum: spin labeled a-

chymotrypsin immobilized on CNBr-activated Sepharose 4B

(0.97 pmols active chymotrypsin/g).

Conceptual view of immobilized enzyme deactivation

consistent with available exerimental data.

Time sequence (arrows indicate increasing time) of EPR
spectra recorded in 10 mM indole (indole spectra) at four—
hour intervals. Immobilized a-chymotrypsin was spin
labeled with m~1IV after exposure to 50% n—-propanol for
120 min. The spectral features indicated, representative
of active yet perturbed immobilized enzyme, decay with
time and after 12 hours closely coincide with the EPR

speétrum of enzyme recorded before deactivation.

Indole spectra of immobilized a—chymotrypsin labeled with
m—-1V after different exposure times to 50% n-propanol.
The exposure times (in minutes) prior to sampling and spin

labeling are indicated to the right of each spectrum.

Comparison of the EPR spectrum of enzyme form A in its
initial state (top) with the spectrum obtained by

decomposing the EPR spectrum of immobilized chymotrypsin



Figure 6

Figure

7
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spin labeled and extensively washed after a2 5§ min.

exposure to 50% n-propanol (bottom).

EPR indole spectra of two different immobilized enzyme
conjugates possessing approximately the same quantity of
active enzyme but prepared in different ways. Top
spectrum: active immobilized chymotrypsin loading of
0.19 pymols/g obtained by appropriate choice of initial
enzyme concentration for the immobilizing solution.

Bottom spectrum: active enzyme loading of 0.18 pmols/g

obtained by exposing chymotrypsin—CNBr Sepharose 4B
conjugate (initial loading of active enzyme, 1.0 pmol/g)

to 50% n-propanol for 120 min.

Relationship between amount of active emnzyme and fraction
of enzyme-A for preparations with different ipitial
loadings of active immobilized chymotrypsin (O), and
samples taken after varjous exposure times of an

immobilized enzyme conjugate to 50% n-propanol (O),
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FIGURE 3



. o ¥ ? A it 9
o4 ¥ 1 i

~122-

FIGURE &



-123-

joundoid -u %,0G O
2insodx3 ‘Uil G JBljY

Y

/ ainsodx3 940409

FIGURE 5



~124-

Exposure Time = O min.

Active Loading =0.19 pumols/g

Exposure Time = 120 min.
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PART III: THEORY OF ENZYME IMMOBILIZATION IN POROUS MATERIALS

CHAPTER 6 MODELING ENZYME IMMOBILIZATION
IN PCROUS SOLID SUPPORTS
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introduction

Immobilized enzyme catalysts with high activities per unit volume
may be prepared by adsorbing or covalently coupling enzymes to the in-
terior surfaces of porous solid particles. Sephadex, Sepharose, acti-
vated carbon, cellulose, ceramics, and glass are some of the porous
materials which have been used as immobilized enzyme suppm’ts.lo8 By
using supports with sufficiently ilarge pores, substrates with molecular
dimensions comparable to those of the enzyme can be converted on these
supported catalysts in contrast to the situation with entrapped enzymes.

Catalysts consisting of enzymes immobilized within porous solid
supports are usually prepared by contacting the porous scolid, perhaps
after chemical treatment to activate binding groups on its internal sur-
faces, with enzyme solution. During this immobilization process, enzyme
diffuses into the porous solid matrix and is attached to the internal
surfaces, while concurrently enzyme concentration in the immobilizing
solution decreases. The time required to reach the final loading state
and in some instances the final spatial distribution of immobilized
enzyme within the porous particles depends on all of the physiochemical
parameters which characterize the complex coupled transport and immobili-~
zation processes occurring during catalyst préparation.

As will be clearer by the end of this presentation, the overall
activity per amount of enzyme immobilized and deactivation properties
of the porous supported enzyme catalyst may depend strongly on the design

and operation of the immobilization reactor as well as on the support and
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enzyme properties. Mathematical modeling of the immobilization process
serves to organize the interacting factors and corresponding parameters
involved in a coherent structure and to identify major qualitative
features and sensitivities of the process. Recognition of the immobili-
zation process itself as a practically important problem in biochemical
reaction engineering has been limited to date.

Carleysmith et al.? have analyzed the special case in which the
enzyme entering the pores of the support is irreversibly attached at a
rate much greater than the intraparticle diffusion rate. Under these
circumstances, the immobilized enzyme is deposited in a zone on the outer
periphery of the pellet, with a sharp front betwéen the outer zone which
is completely saturated with immobilized enzyme and a central core which
contains no enzyme. Modeling of this immobilization situation then re-
duces to determination of the front position and shape as a function
of time. The former problem was solved for spherical pellets under
reasonable assumptions about pellet capacities and enzyme effective
diffusivity by Carleysmith et al.;° similar analyses have also been per-
formed in the context of fluid-solid heterogeneous reactions.!®711 A
recent analysis emplioying matched asymptotic expansions also yields a
description of front structure and its deve lopment. 12

A recent theoretical treatment has analyzed enzyme immobilization
in porous particles during the initial period in which the support
surfaces; capacity for enzyme is not closely approached anywhere within

the particle.13 One significant result from that analysis is a method

for determining the intrinsic local immobilization rate constant from
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the experimentally observable time trajectory of enzyme concentration

in the immobilizing solution. In the present study, more general local
immobilization kinetics are considered which include support surface
saturation with enzyme and the possibility of a reversible immobilization
reaction. Thus, this investigation is concerned with the entire time
course of enzyme immobilization by reversible adsorption or irreversible
covalent bonding within porous solid supports. An immobilization model
which included reversible kinetics was formulated and solved for one
particular case by Buchholilk this work extends greatly the parameter
combinations examined and alsoc presents new nuhericaT and approximate

analytical approaches to the problem.

FORMULATION OF THE MATHEMATICAL MODEL

In this investigation, the porous support particles will be presumed
spherical (radius R). A particle will be modeled as a pseudchomogeneous
solid with transport and kinetic parameters appropriately adjusted to

15 Of interest here is

reflect the solid's pore network characteristics.
a batch immobilization process in which a total mass mp of the support
particles are immersed in a well-mixed bath of enzyme solution with

initial enzyme concentration e Several equivalent physical reali-

bo”
zations exist for this situation, including fixed-bed recirculation
systems with low conversion.per pass. It is assumed that the pores of .
the support particles are filled initially with the solvent so that
there is no fluid convection into the particles when the immobilzation
process is initiated.

Enthe molecuies are transported from the bulk immobilizating so-
lution to the exterior surface of the particles (mass transfer coefficient

he) where they diffuse into the particle; the effective diffusion co-

efficient De is presumed for the moment to be constant. Immobilization
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proceeds at a local rate Vi which depends upon the local concentrations
of enzyme in the pore fluid and immobilized on the support surface.
Since the available internal surface area far exceeds the external
particle surface area for the porous materials of interest, it is assumed
that the enzymes attach only to the pore interior surfaces which contain
a uniform distribution of functional groups.

The material balances for enzyme in the immobilizing solution,
immobilized on the support surfaces, and in solution within the support

pores are given by

de,  (t') 3m
b - p e(R,t‘) - 1 . =
Ve —at— = Me 5R [ P e, (t )] P ey (0) = e (1
p e
de (r,t")
——'—S"é-t—r— = Vi M e (r,O) = 0 (2)
and
se(r,t') De 3 sde(r,t')
Lrat o= 2 (}al——-J—-—— - v, (3.1)
ot -2 or ar i
Be(R,t') - 1 - e(r,t')
De _—-B*r__- = he[eb(t ) P } ’ (32)
e
se(0,t") _ . e(r,0) =0 |, (3.3)
or
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respectively. The local rate of immobilization v will be assumed to have

the form
éS eS
Vin = kel - =) - kgl ()
sm sm

where €cm denotes the maximum possible immobilized enzyme concentration.
Parametric influences on the immobilization process are best summarized
by recasting the above model! in dimensionless form. Introducing the fol-

lowing dimensionless variables and parameters:

eb e es
E = — E = ’ E = - {\5 ])
b ®bo ebo e > €sm
- Det‘
X = T t = -5 (5.2)
R RZ
2
De kieboPe 'esm
heR m Pe
Bi = 5 p , vV = VES. R (5.4)
e e e p
the model becomes
dEb(t) '
[ SR B TR 1 - . = 1
T 3uBi [Eb(t) E(l,t)] ; Eb(O) , (6.1)
5E (x3t)
s 7 _ 2 -
—r— = W {E(x,t) [1 - Es(x,t)] eas(x,t)} , (6.2)

ES(X,O) = 0, (6.3)
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BE(x,t)  _ _1____8_[,(2 §_E_£2<_F_)_] J1 P (7.1)
ot 2 9x ax v ot ’ '

3E(1,t) p 9B (t)

ox ST T dt ’ (7.2)

3E(0,t)

o™ 0 ; E(x,0) = 0 . (7.3)

It is worthwhile to point out here the physical meaning of the di-
mensionless parameters involved. First, the square of the Thiele modulus
¢ is the ratio of a characteristic immobilization rate to a characteristic
diffusion rate. The parameter 8 denotes the ratio of desorption to ad-
sorption characteristic rates. The ratio (v/y) is the solid support
capacity for immobilized enzyme relative to the amount of enzyme available
in the immobilizing solution, Vv is Pe times the total support volume
divided by the immobilizing solution volume, and the Biot number Bi is a
characteristic external mass transfer rate divided by a characteristic

diffusion rate.

ANALYSIS OF THE IMMOBILIZATION MODEL

Analysis of the immobilization process for very large times; that is,
after steady state has been achieved, is relatively straightforward. In

this connection the following overall material balance is useful:
1 1
Eb(t) + 3V J xZE(x,t)dx + %% J szs(x,t)dx = 1 . (8)

o] [e]
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For irreversible immobilization kinetics (6 = 0), immobilization proceeds
until either the surface is saturated with enzyme [E:(x) = 1, superscript
o denotes steady-state value] or until all of the enzyme in the immobili-
zing solution is exhausted (Eg = 0). From Equation (8) it follows that
saturation occurs if /Y € 1 and incomplete loading occurs if v/y > 1.

o

If immobilization is reversible (6 # 0), E~ = Eg, and the internal

profiles of enzyme in the pore and on the pore surfaces will be spatially

uniform and at equilibrium

Eo _ EO (9)
s o : 3
(E° + 8)

Using these relationships in Equation (8), it follows that

o) o _ 2 9
E- = Eb = - A +"/A" + TS (10.1)
where
I PSRN Y
A= el +v) -1 7 /2(1 + V) . (10.2)

In most immobilization processes, the volume of enzyme solution is
much larger than the total volume of the support particles (v << 1). This
implies that, except for a very short initial transient period, the quasi-
steady state approximation may be applied to intraparticle diffusion
processes. Then, it can be shown using multiple time scale perturbation
ana]ysislg-that after the short induction time the immobilization model

above may be written in the following dimensionless form:
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1 3 2 3E(x,1) 2
& (2 ) et (- gy e ] 0, 1)

3E (x,T) ,
—— = (Y et (1 - E,(,0) - 6E_(6,7)] (11.2)
dE, (1)
1o - -ELT o gifea,n £ (D] (11.3)
and
Eb(O) =1; E(x,0) = Es(x,O) = i‘:"—a(—g-’—l)— = 0, (11.4)

where the slow time T is defined by
T = Vvt . (12)

The material balance corresponding to this approximate model is obtained by
neglecting the second term on the left-hand side of Equation (8); the
corresponding steady-state values of £° and EZ for reversible immobilization
are obtained by neglecting Vv with respect to unity in Equation (10). These
results are consistent with the v << 1 condition which justifies the quasi=-
steady state model.

An effective computational algorithm has been developed to effect
numerical solution of the coupled nonlinear partial differential equations
required to simulate transient behavior for the model described in Equation
(11). This method involves application of a finite integral transform in
the dimensionless spatial coordinate x to yield a set of coupled ordinary
differential equations in dimensionless time T which are then integrated
numerically. Details of this solution technique are provided in the

Appendix.
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In addition to numerical simulations based upon the complete model,
it is useful to consider approximate approaches and limiting cases for
which analytical treatments are available. These provide algebraic re-
sults which may be applied directly in certain situations, and they also
provide a means of checking the numerical approach and its implementation.

A common strategy for approximate analysis of diffusion-reaction
problems called lumping analysis involves replacing variables which depend

on x by an effective average value'®

position.17

orqby a value at one particular internal

Simultaneously, the Laplacian operator is replaced by a constant

times the difference between the immobilizing solution concentration and the

characteristic intraparticle concentration. If the particular approach to
lumping suggested by Frank-Kamenetskiil® is applied to the model above,

there results

g2le, (1) - £ (0] - ¢XE (D1 - £ (1) -‘es’;m} -0 (13.1)
f%;f_)_ - (%} ¢>2<E*(T)[’l - E:(‘r)] - eE:(r)} (13.2)
E_E.%;_). - - ();.) f%%(j' , (13.3)
EZ(O) = 1 E:(O) - E() = o,

where go satisfies Equation (A13.2; n = 0) and where superscript *

denotes results based on the lumping treatment.

Using Equations (13) to eliminate £ and E;, the following ordinary

X
w

differential equation for Eb is obtained
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:’:2 % (\). )
* E, + E — - 1+8) -8
dE b b \y
T qu> (v) gi + ¢2<1 - ﬂ) + ¢2%; E

Y

for which the solution is

ol
w

E: - E -
b~ By 2
an (35 v (B12) v (9 - o 5

A' + BE]
o = FTTTTEFT V (16-1)
E1 E2 )
A' + BE2
B = —= (16.2)
EZ El
VoL 22 20 U '
AL = €O + ¢~ (1 N ), (16.3)
2yl‘
Bo= &E (16.4)
E R Y A 1+ 8]+ 1 JL -1+696 2 . ) : (16.5)
1,2 2\ ¢ 1L Y : >

wle ot
w

Once E;(T) is evaluated from Equation (15), E; and E are given by

E(t) = 1, (17)
and

£2e (1) + 807E, (1)
. g2 + ¢2(1 - E:(r))

E (1) ; (18)
respectively. These equations may be used to estimate the time required
for achievement of a given degree of enzyme loading with the support

particles. Notice that, since the spatial dependences of E and ES have
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been neglected in this treatment, lumping analysis provides no information

on the intraparticle profile of immobilized enzyme.

SIMULATION RESULTS

The model given in Equation (11) which includes the quasi-steady state
approximation for diffusion into the particles has been solved numerically
for several different combinations of parameter values. Shown in Figure 1
(solid lines) are the time trajectoriesifor the dimensionliess enzyme con-
centration in the immobilizing solution fof several cases involving irre-
versible immobilization of enzyme (6 = 0).

The lower portion of the figure includes results for several different
values of the parameter Y. In all of these simulations, the Thiele modulus
¢ is equal to unity, indicating that diffusional resistance is relatively
mild. Following the earlier remarks about the asymptotic value of Eb in
terms of the ratio %-, the immobilizing solution enzyme concentration
approaches a constant nonzero value for Y larger than v. For smaller
values of 1, Eb eventually reaches zero before the .enzyme has been com-
pletely loaded to its saturation value.

It is interesting to note that all of the curves in the lower portion
of Figure 1 have the same slope at time zero. This is an important obser-
vation, since the situation with { much smaller than v can be shown by
perturbatign analysis arguments to be identical to the case in which the
surface is presumed to have unbounded capacity for loading enzyme. Thus,
the results for very small y correspond to the case considered in a previous

publication in which a method was described for estimating the intrinsic
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immobilization rate constant, ki’ from the initial slope of the Eb time

trajectory.13

The results in Figure 1 are consistent with the intuitive
notion that the finite capacity of the support for immobilized enzyme does
not influence the initial loading trajectory, indicating that the method
described earlier is satisfactory for real systems in which the particle
capacity for immobilizing enzyme is limited.

The upper portion of Figure 1 illustrates the effect of increasing
Thiele modulus ¢ on the change with timé in the immobilizing solution
enzyme concentration. Clearly, larger values correspond to more rapid
loading. Because of the other parameters used in these calculations, the
particle is completely loaded when Eb = 0.504 so that this common asymptotic
value is observed in all situations considered.

The dotted lines in Figure 1 were calculated using the lumping approx-
imation result of Equation (15). These trajectories very closely approximate

those calculated using the distributed model of Equation (11). While the
lumping approximation cannot be used to compute intraparticle conditions,

it is a very powerful shortcut method for evaluating Eb(t).

Figure 2 illustrates the changes with time in the internal profiles
of dimensionless concentration of enzyme in the fluid in the porous par-

ticle (E) and the dimensionless concentration of immobilized enzyme (Es).
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The following parameters were employed in this calculation

6=0, ¢=1.0, v=0.05, Bi =500, ¢=0.T (18)

The Thiele modulus is again not large, which results in very flat profiles
of enzyme loading and progressively flatter profiles of pore fluid enzyme
concentration. The time intervals between the different lines in Figure 2
are equal to 0.25 slow time (r) units. In this case, which is expected to
result for other relatively small values of Thiele modulus, the loading
profile within the particle is always relatively uniform. |If different
parameter values are considered such that the immobilizing solution's
supply of enzyme is exhausted, the results look essentially as in Figure 2,
with again a quite uniform loading of enzyme, although with a final value
smaller than unity.

A much different situation obtains for larger Thiele modulus as is
illustrated clearly in Figure 3. Now the initial profiles of both pore
fluid enzyme concentration and immobilized enzyme concentration are rela-
tively steep, with no enzyme present in either phase near the center of
the particle. In this case, in which there is sufficient enzyme in the
immobilizing solution eventually to saturate all of the pellets' capacity
for enzyme, the loading profile becomes more and more uniform as time
progresses, with similar trends evident in the pore fluid enzyme concen-
tration. |f, on the other hand, a smaller amount of enzyme is available
in the Immégilizing solution, the enzyme loading profile within the
particle at the conclusion of the immobilization will be quite steep for

large Thiele modulus (see Figure 4, bottom frame). The corresponding
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enzyme concentration in the intraparticle fluid now eventually decays
everywhere to zero as all enzyme in all fluid phases is ultimately
attached to the interior surfaces of the porous support particles.

Changes with time of the immobilizing solution enzyme concentration
for ¢ = 10 and several values of Bi are illustrated in Figure 5. The
effect of external mass transport as characterized by Bi is not sig-
nificant for Bi values in the range of 20 or greater. However, distinctly
different trajectories occur for smaller Bi values. The curve for Bi = 2
corresponds to particles in stagnant fluid.'® This situation is also
closely approximated when the support particles are very small and hence

have small velocities relative to the surrounding fluid.

Qualitatively different results are obtained for reversible immobili-
zation kinetics (6 # 0). Two cases corresponding to small and large Thiele
modulus values are illustrated in Figures 6 and 7. |In both instances, the
intraparticle fluid phase enzyme concentration initially has a nonuniform
distribution whcih eventually approaches a constant value given by Equation
(10.1). Interesting, however, are the differences between the enzyme
loading profiles and their time development. In the case of large Thiele
modulus, the loading profiles are initially nonuniform and
eventually relax towards the asymptotic constant value given by Equation
(9). In this situation, immobilized enzyme is redistributed from the out-
side to the-inside of the particle by coupled reversible interactions with
the surface locally and diffusion within the particie. Corresponding
immobilizing solution enzyme concentrations at different times after initia-
tion of the immobilization process are depicted in Figure 8, where again

solid curves denote results from Equation (11) and dotted are results from

lumping approximation Equation (15).
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DISCUSSION

In addition to determining the time required for completion of
immobilization, the mathematical modeling studies reported above also
allow, through simulation, insight into the evolution with time of the
internal distribution of immobilized enzyme within the porous particle.
To appreciate the practical significance of knowledge of this loading pro-
file, consider the subsequent application of the immobilized enzyme catalyst
for conversion of substrate to product. Now a different diffusion reaction
problem arises, in which substrate diffuses into the catalyst particles and
undergoes reaction locally at the immobilized enzyme active site.

Computational studies for diffusion and reaction in porous catalytic
pellets have shown clearly that the overall reaction rate for such pellets
is strongly influenced by the distribution of catalytic sites within the
particle.*®"22 That is, for a given total amount of supported catalyst,
the overall reaction rate is often largest when the catalyst is located near
the external surface of the particle rather than being uniformly dis-
tributed. This conclusion, originally demonstrated for first order
kinetics, is most likely valid for any kinetics of ordinary form; that is,
kinetics, which exhibit a decrease in reaction rate for a decrease in sub-
strate concentration. Michaelis-Menten kinetics are ordinary in this sense
and substrate-inhibited Michaelis-Menten kinetics are not. New theoretical
approaches for calculating effectiveness factors for catalyst particles
with nonlinear local kinetics including Michaelis-Menten have been described

2

recently.?? Experimental investigations which demonstrate the greater

overall activity of immobilized enzyme catalysts in which the enzyme is
localized near the external surface have been reported by Lasch for leucine

g 23
3

aminopeptidase immobilized on Sepharose 6 and claimed by Borchert and

Buchholz® for trypsin immobilized on porous glass and porous copolymer
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particles.

Not yet demonstrated experimentally for immobilized enzymes but antici-
pated by previous simulations are the influences of internal enzyme distri-
bution on the deactivation properties of the immobilized enzyme cata]yst.20
When the enzyme is more concentrated near the external surface of the par-
ticle, if the deactivation process uniformly lowers local enzyme activity
at all points within the catalyst, the nonuniformly loaded catalyst will
appear from an overall reaction rate viewpoint to deactivate more rapidly
than a uniformly loaded catalyst. A similar trend will be observed if the
enzyme deactivation occurs in a shell progressive manner, moving inwards
from the external surface of the particle as might be caused by an external
poison. In this case as well, the more uniformly loaded catalyst will
appear to be more stable than the nonuniformly loaded one. Thus, there is
a trade-off in terms of design of the internal loading profile between
higher initial activity, which is favored by concentrating the immobilized
enzyme near the pellet's outer surface, and a slower apparent rate of de-
activation, which is favored by uniform infernai loading of the immobilized
enzyme. This parallels the situation between free and immobilized enzymes
in which the latter, while often less active on a specific enzyme basis,
also exhibit slower apparent rates of loss of enzymatic activity than the

. . ~-25
enzyme in solution.?®™2

The catalyst loading profile can also influence
selectivity if multiple reactions occur.?’ Similar effects may be expected
for multiple immobilized enzyme systems.

According to the model employed above for penetration and local

attachment of enzyme within a porous support, uniform loading will ultimately

result inall cases involving reversible immobilizationkinetics. Also, if there
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is sufficient enzyme in the immobilizing solution to saturate the support
capacity, uniform loading will also occur for irreversible immobilization
kinetics. If the Thiele modulus is of the order of unity or smaller,

the final loading profile will be approximately uniform even in situations
where the immobilizing solution becomes depleted of enzyme before saturation
of the support. If, on the other hand, the immobilizing solution does not
contain enough enzyme to saturate the support and the Thiele modulus is
large, sharply nonuniform internal load}ng profiles of immobilized enzyme
may result as seen in Figure L above.

Since intentional nonuniform loading of the enzyme might be of interest
for some applications, it is useful to consider other situations in which
nonuniform loading may be obtained. One of these is interruption of the
loading process for a high Thiele modulus system. Considering the calcu-
lated internal profiles for loading in Figure 3, suppose that at dimension-
less time T = 0.05, the immobilized enzyme particles are separated from
immobilizing solution and suspended in buffer. This will freeze the
loading profile in approximately the nonuniform configuration shown in
Figure 3 for T = 0.05. Thus, by varying the time of contact between
immobilizing solution and porous support, a wide spectrum of loading
profiles may be obtained providing the Thiele modulues for immobilization
is large. It is very interesting in this context that Lasch was able to
obtain more nonuniform loading by pretreating Sepharose particles longer
with activating cNBr. 23 Presumably, this longer activation increases the
density of reacting groups for immobilization, thereby providing both

greater capacity and a higher local rate of immobilization. His experimental
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results are therefore qualitatively consistent with the trends expected
based upon the above model.

It should be noted, however, that the model described here requires
refinement in order to simulate <certain enzyme immobilization processes.
Experiments in this laboratory have shown that in some cases immobilization
ceases although the support particles are not completely saturated and al-
though the immobilizing solution still contains enzyme. The final loading
of enzyme in these experiments is nonuniform and is localized towards the
outer surface of the particles. This situation, not encompassed by the
above model, is the subject of current research.

It should be noted also that the mathematical models given above can
be used to describe washing of the immobilized enzyme pellets; that is,
the suspension of the particles after immobilization in buffer solution
in order to remove enzyme in the internal pore fluid. Clearly in the
case of reversibly attached enzyme, the ultimate effect of this process
will be complete removal of enzyme from the particle. However, the rate
of removal may be sufficiently slow to permit practical use of the re-
versibly immobilized enzyme. Also, after some modification of the fluid
phase part of the model, such a mathematical description may also be
useful in describing slow leaching of strongly held yet reversibly
immobi lized enzymes during onstream process application for conversijon

of substrate.
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Nomenclature

A defined in Equation (10.2)

A defined in Equation (16.3)

B defined in Equation (16.4)

Bi Biot number, defined in Equation (5.4)
De effective diffusivity

e enzyme concentration in pore fluid

ey enzyme concentration in the bath"

o initial enzyme concentration in the bath

e, immobilized enzyme concentration

€m maximum immobilized enzyme surface concentration
E nondimensional enzyme concentration in pore fluid
F.]’2 defined in Equation (16.5)

Eb nondimensional enzyme concentration in the bath
Es nondimensional immobilized enzyme concentration
E;' defined in Equation (A12)

he mass transfer coefficient

kd rate constant for desorption

ki rate constant for immobilization

K kernel of integral transform, defined in Equation (A13.1)
Kj defined in Equation (A7)

mp total mass of support

Pe partition coefficient

r radial coordinate

R particle radius
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t nondimensional time, defined in Equation (5.2)

t! dimensional time

v, local rate of enzyme immobilization, defined in Equation (k)
Ve bath volume

X nondimensional radial coordinate, defined in Equation (5.2)

Greek Symbols

o defined in Equation (16.1)

a defined in Equation (A5)

B defined in Equation (16.2)

v defined in Equation (5.4)

pp apparent density of solid support

T nondimensional time, defined in Equation (12)
9 defined in Equation (5.3)

¢2 Thiele modulus, defined in Equation (5.3)
" defined in Equation (5.3)

€, eigenvalue

Superscripts

~

scaling transform, defined in Equation (Al1.1)
effective average

o) steatly-state value
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APPENDIX

An algorithm based on finite integral transforms has been developed
for numerical solution of the immobilization model. A scaling integral

transform is defined as follows

~

En(T; = (E,Kn)/(l,Kn) , (A1.1)
where 1
(E,Kn) = foE(x,T)Kn(x;En)dx s (A%.;)
0

and where the transform kernel Kn(x;gn) is the solution of the associated

eigenproblem

dK
1 d ,2°ny,.2, _
7 & Kad TR 7 0 (A2 1)

x=03; dK /dx=0 |,
n .

1 dKn
x=13 K +g-—= =0 . (A2.3)

Applying the scaling transform (A1) to Equations (11), there results

2 2 212 2 _oae _
gn(zb - En) - ¢ [%n(l - E, ) B, ] = 0 , (A3.1)
n n
&,
n -_ U 2{7 2 _oar
= = ¢ [%n(1 E, ) ezs‘] , (A3.2)
n n
dE

1 _2E(,T)
ITT S T T (A3.3)
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in which a previously proposed approximation formulae in transform space

has been applied.?%:2°

The solution for enzyme concentration in the pore fluid is best

27

represented as a combination of a boundary term and a series term. It
is given by

E = E - E (e, - E) a K (g ), (AL)
where n=0

o = (LK)/(K ,K) . | (A5)

Differentiating Equation (A4) with respect to x, evaluating at x = 1 and
substituting into Equation (A3.3) yields
0
dEb A~ 2
- = -3 (£, - E)E%, (1,K.) (A6)
dTt b J)gJ J J
j=0

in which the relationship

. = -2
Ky (1,€5) £j(

1,K.) . (A7)
J
has been employed. Eliminating E from Equations (A3.1), (A3.2) and A6)

gives

dE_ [Eb(l - E ) - BE }
2 n n

» (AB.1)

n E2 + ¢2(I _ ES )

n
n
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dE, 2\ [Ebu ] ESJ) ) ¢Esj 2
j=0 J ®j
and .
) giab + 06°E i
L e2 + (1 - Esn) o

Combining Equations (A8.1) and (A8.2), and integrating with respect to time,

a relationship between Eb and the sequence {FS :}at any time T may be ob-
J

tained as follows

3v £
E = 1-= E LA1,K, . A
X : § (K (A9)
j=0

Substituting Equation (A9) into Equation (A8.1), an infinite set of

~

ordinary differential equations in terms of the sequence ES is developed
n
) (1-E ) |1 - %f— 2{: E, . (1,K) ] - 6E
dEs *n —— J J n
b 422 j=0
dt v n 2 2 ~
2+ 4700 - )
n
for n =0,1,2,--- . (A10)

e
For practical computation, one considers only the first N ordinary differ-

ential equations of Equation (A10). In the results given above, N = 50 was used.
Changing Nto 20 or to 10 did not affect the simulation results significantly.

Once the sequence {}g :}Is determined, the enzyme concentration Eb in the
n
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immobilizing fluid is obtained from Equation (A9), the enzyme concentration
E in the pores is obtained using Equation (Ak) where En is given in Equation

(A8.3), and the enzyme loading E_is given by

Es(x,T)‘ = ES(T) - Z(fs(ﬂ - Esj)aJ.Kj(x;iJ.) , (A11)
j=0

when E;(T) is determined from

— o o]

dES v .2 - 3v ~ -

AR R e g Esjaj(T,Kj) - BE_3 . (A12)
j=0

The kernel, eigenvalue equation, and other quantities useful for

these calculations are listed below for spherical porous support particles:

sin(inx)
Kn(X;in) = — (A13.1)
Encosin = (1 - Bi)sinin (A13.2)
(1,k) = Bi sing /22 (A13.3)
2Bi sinEn c052€n i
% = Tz \! T (A13.4)
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Figure Captions

Fig 1:

Fig. 2:
Fig. 3:
Fig. &4:

Dimensionless bulk enzyme concentration (Eb) versus dimensionless
time (T) obtained with the integral transform method (solid lines)
and lumping analysis (squares). (Top) Different trajectories
correspond to different values of ¢ (from top to bottom, ¢ = 0.5,
1.0, 2.0, 10. For all of these cases, 6 = 0, Bi = 500, v = 0.05,
Y = 0.1). (Bottom) Results for various y values (0.5, 0.2, 0.1,
0.05, 0.01 and 0.005 from top'to bottom. Remaining parameters

8 =0, ¢ = 1.0, Bi =500, v=0.05).

(Top) Sequence of dimensionless intraparticle fluid enzyme con-
centration profiles (E) for various times T. (Bottom) Variation
of dimensionless immobilized enzyme concentration (ES) with
dimensionless distance and time (dimensionless time T increases
as indicated in steps 0.25n, n=1, 2, 3, ... . 6§=0, ¢ =1,

v = 0.05, Bi =500, ¢y = 0.10).

(Top) Dimensionless immobilized enzyme concentration profiles
(ES) for various dfmensionless times, given by T = 0.005, 0.010,
0.010n, n =2, 3, 4, ... . (Bottom) Profiles of dimensionless
enzyme COn;entration in the pore fluid (E) for increasing times
7. (Values of 1T, in direction of arrow, are T = 0.005n, n =

0, 1,2, ... . ©6=0,¢=10,% =0.1, v =0.05, Bi =500.)
(Top) Internal profiles of dimensionless enzyme concentration

(E) in the fluid within the porous support (8 = 0.025n, n = 0,

1, 2, ...). (Bottom) Loading profiles of dimensionless immobilized
enzyme concentration (ES) (8 =0.025n, n =1, 2, 3, ..., 6 =0,

¢ =10, v = 0.01, v = 0.05, Bi = 500).



Fig. 5:

Fig. 6:

Fig. 7:
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Effect of Bi on the dimensionless time dependence of the bulk
enzyme concentration (Eb)' (Integral transform solutions (solid
lines) from top: Bi = 2, 5, 20, 50, 500. Lumping analysis
(squares) from top: Bi =2, 500. 6 =0, ¢ = 10, v = 0.05,

Y = 0.10.)

(Top) Plots of dimensionless pore fluid enzyme concentration

(E) against dimensionless distance for times T = 0, 0.10, 0.25,

0.25n, n =2, 3, 4, ... . (Bottom) Radial dependence of immobil-

I

ized enzyme loading (ES) for times T = 0.25n, n =1, 2, 3, ...

(6=1,¢=1, v=0.05, ¢y =0.1, Bi = 500).

(Top) Distribution of internal fluid enzyme concentration (E)
with radial distance for timesT= 0.0Iln, n =20, 1, 2, ...
(Bottom) Dimensionless loading of immobilized enzyme (ES) as a
function of dimensionless distance for times T = 0.0ln, n = 1,
2,3, ... (8=1, ¢ =10, v=0.05, ¢ =0.1, Bi = 500).

(Top) The time dependence of the dimensionless bulk enzyme con-
centration for (Eb). (From top) ¢ = 1, 2, 10. As in Figure 1,
solid lines are the result of the integral transform technique,
squares cohputed using lumping analysis (6 = 1, v = 0.05,

¢ = 0.1, Bi = 500). (Bottom) Dimensionless enzyme concentration
in the bath (Eb) as a function of time for different values of §.
(¢, from top to bottom: 2.0, 1.0, 0.5, 0.1, 0.0. The other

parameters are ¢ = 1,0, v = 0.05, ¢y = 0.1, Bi = 500.)
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CHAPTER 17 A MATHEMATICAL MODEL FOR RESTRICTED
DIFFUSICN EFFECTS ON MACRCMOLECULE
IMPREGNATION IN POROUS MATERIALS
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INTRODUCTION

Enzymes, antibodies, antigens, and nucleic acids are commonly
attached to the surfaces and internal structures of insoluble
materials. In order to maximize the activity of the immobilized
catalyst or sorbent per unit process volume, a high active surface
area to unit volume ratio is desirable. If the catalyst or sorbent is
to be continuously contacted with a fluid stream, which is commonly
the desired configuration, the insoluble support materials must exceed
a certain minimal size to avoid difficulties in support—effluent fluid
stream separation. Then, use of a porous support is desirable to
maximize active surface areas.

The catalyst or adsorbent particles may be formulated by
entrapping the macromolecule of interest within a gel or polymer
matrix provided the substrate or adsorbate molecules are significantly
smaller than the macromolecule. This rules out, for example, use of
entrapment for immobilization of enzymes which act on macromolecular
substrates and for immobilization of antibodies for affinity
separations of large proteins or other antigens. Further, entrapment
formulations may provide relatively large diffusional resistances even
in cases where the substrate/adsorbate molecule is able to permeate
the support matrix.

The alternative in such situations is to impregnate the desired
macromolecule within a porous solid, In such systems, the pore
structur; employed is a compromise among surface areas accessible to
the active molecule to diffuse into the pore structure during the

impregnation process, and mechanical properties of the support.
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Commonly employed porous support materials include cellulose, glass,
ceramics, activated carbon, agarose, Sepharose, Sephadex, and other
polysaccharides. To streamline the text of the following discussion,
impregnation of enzymes in porous materials will be considered;
analogous treatments apply to impregnation of other macromolecules for
other applications.

Several previous investigations have explored and discussed the
pore size requirements for enzyme impreg,nati«)n.]"2 Recently reported
experiments show a new phenomenon}' Enzyme initially penetrates the
pore structure of the support, but, later, entry of enzyme into the
support essentiazlly stops before the particle is completely
impregnated. In these cases, the immobilized enzyme is nonuniformly
distributed within the porous support. All of the immobilized emzyme
occupies a layer adjacent to the exterior surface of the support, with
no enzyme immobilized in the central core of the particle.
Understanding this phenomenon is important in practice since it is
well-established that the internal distribution of supported catalyst
can significantly influence its overall activity and stability.s_5

It has been suggested that restricted diffusion phenomena may
interact with the immobilization process to cause nonuniform
impregnation of enzymes in porous supports. The purpose of this paper
is formulation and computer solution of a mathematical model which
considers simultaneous restricted diffusion and surface binding
reaction of enzyme within a porous suopport material. A key feature of
this model is accentuation of diffusion restrictions during

immobilization due to local reduction in the effective pore cross
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section caused by accumulation of immobilized enzyme on the pore

walls.

HATHEMATICAL MODEL

The pore structure of the support is represented in this model by
a collection of parallel, nonintersecting, cylindrical pores as
proposed by Wheeler.6 The initial pore radius is Ro' However,
becaunse the effective radiuvs of the enzyme molecules attaching to the
pore walls during immobilization is frequently of the same order of
magnitude as Ro’ the void pore cross;sectional area and effective pore
radius R decrease at a particular depth within the pore due to enzyme
immobilization at that position. Figure 1 provides a conceptual view
of the immobilization process within a single pore and some of the key
variables and parameters of this model.

Enzyme molecules have radii (re) in the 50-2CG0 R rarnge and are
frequently impregnateé in supports with pore radii (Ro) in the raznge
of 1000 Z. When the size of the solute is not very much less than the
pore size, solute diffusion is restrictred by hydrodynamic drag and by
solute inaccessibility to the entire pore volume.7*9 Analysis of
diffusion under these circumstances is complicated even for the simple
case of sphericaltparticles in a straight cylindrical pore. There is
no available theory which describes diffusion of wovspberical
macromolecules in a complex porous structure in which reaction occurs
with simultaneous change in the local voidage structure of the support
material. JIc the absence of such theoretical guidance a simplified
model based on the pore centerline restricted diffusion analysis for

spheres in a cylindrical pore has been formulated. The objective of
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the present model is initial assessment of the qualitative effects of
coupled restricted diffusion and enzyme immobilization. Predictive
simulation models for enzyme impregnation may well require a more
detailed treatment of intrapellet diffusion processes.

Accordingly, the molar flow rate of enzyme in the pore in the

positive z—direction, Fe, is presumed to be given by

F(2) = -a (D) £ (1)

where D is the restricted diffusion coefficient, e is the

concentration of enzyme molecular cénters in the central region of the
pore occupied by those centers, and Ae is the cross—sectional area of
this pore core region. Ae and D are ip general functions of z because
the concentration of enzyme immobilized on the pore walls, which
reduces the void cross—sectional area, is a function of z.

Assuming the diffusing macromolecules are spheres of radius T,

the void cross—sectional area at position z with local immobilized

enzyme concentration e (z) is given by

eS(Z)
Az) = A 1—-4>\O(1—AO) = . (2)
sSm

where €om is the immobilized enzyme concentration at monolayer

coverage. A0 (=NR§) is the initial cross—sectional area of the pore,

and ko is the ratio of enzyme to initial pore diameter:

r
e

- A = — . (3)
0 R
o

Assuming that the void cross section is approximately circular, the

local effective pore radius is given by
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R(z) = ﬁ%,/A(z), . 4)

This is of course an approximation given the potentially complicated
arrangements of attached enzyme molecules around the pore periphery.
Centers of the enzyme molecules cannot reach radial positioms beyond

R(z) - T Conseguently, the pore core area which contains enzyme

molecule centers is

A = a@0-a@]° (5)

where
AMz) = Te/R(z) ) (6)

Because A_ is employed in flow rate formula (1), the so-called
"partition coefficient” is included in that term. The restricted
diffusion coefficient may therefore be written as the product of D_,
the diffusion coefficient of an infinitesimal solute in the porous

support, and Kr’ a hydrodynamic resistance factor:
D(z) = Dp_K_(x2) : (7

In general Kr is an average of complicated radially varying
resistances.7-9 Here an approximation is introduced by using the

centerline formula developed by Pappenheimer, Renkin, and Borrerolo

k(A (2) = 1 - 2.1044)(z) +2.0890°(2) - 0.94823°(2z) . (8)

Tkis formula is suitable at the centerline for A < 0.4. Its

application here to evaluate the average resistance introduces some
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error but is consistent with the objectives of this study. The
calculations of Anderson and Quinn’ suggest that use of Eq. (&)
overestimates the restricted diffusion coefficient and thus
underestimates the influence of restricted diffusion on enzyme
transport into the pore.

The local rate of immobilization Timm (moles enzyme/unit pore

surface area/unit time) is presumed here to be proportional to the

product of the local enzyme concentration in the fluid and the vacant

surface area:

e_(z)
T, = k, e(z) [1— —“—-———:\ (9)
imm 1mm e

This is 2 reasonable kinetic form for irreversible covalent enzyme
attachment. Different kinetics should be used to simulate reversible
aésorptive immobilization.

Using these immobilization kinetics and the filow formula given in
Eq. (1), the differential material balances on enzyme in solution and

immobilized in the pore are given by

B[Ae'e] 3 A D - Be] 2aR Kk 1 €
ot T sz e 3z R N el R (10)

5t (11)

Q>
0]
N
I
-
%ﬁ.
o
|
i
| m
] 3]
=]
e

Introducing the dimensionless parameters and variables listed in the

Nomenclature, these equations may be rewritten in the form
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3 : ) 3E 2 (12)
2w - (e ) -dfe(i-g,) 12
BES 9
ra E(l—ES) . (13)

The Thiele modulus ¢ is the ratio of characteristic
immobilization rate to characteristic enzyme diffusion rate. The
parameter ¥, defined by

Vo= —2—2‘;—5— , (14)
is the ratio of enzyme concentration in the immobilizing solution
compared to the maximum immobilized enzyme concentration. Under
conditions of practical interest, this parameter is significantly
smaller than unity. This means that Es changes on a time scale
significantly longer than the time scale for E changes, suggesting
that the quasi-steady state approximation may be applied to E. This
may be rigorously justified under these circumstances by perturbation
theory.l1

Accordingly, for dimensiorless times of order ¥ and longer, the
impregnation process may be adequately described by the approximate

model

__c_l_ ,__(_L_E_ _ 2 _ = (15.1)
- [r dx] s “E(1 ES) 0
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3, )
= = W E(1-E) . (15.2)
A
f £ AeD AODoo . (15.3)
- - 2. — —
£ o= K .()-1-N [1 i (1 AO)ES] (15.4)

Irn these calculations it will be assumed that the amount of enzyme in
the immobilizing solution reservoir is much greater than the maximum
immobilized enzyme content of the covered support so that the enzyme
concentration €0 in the flvid surrounding the support particles does
not change significantly during immobilization. Assuming also that
contacting between support particles and immobilizing solution
provides negligible external resistance to enzyme transport to the

pellet exterior,
e(L,t) = e o = E(1,7) = 1 . (16.1)

The other required boundary conditions derive from symmetry about the

center of the particle and zero initial immobilized enzyme loading:

4200, . (16.2)
dx

Il
o

ES(X,O) (17)
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SOLUTION HETHOD

The quasi—-steady state approximate model was solved numerically
by alternating solution of the nonlinear spatial boundary value
problem posed by Egs. (15.1), (16.1) and (16.2) with integration in
time of the immobilized enzyme material balance (15.2) with initial
condition (17). Using Es given by Eq. (17), the corresponding guasi-
steady state E profile was obtained by a shooting method. In this
procedure, Eq. (15.1) is rewritten as an equivalent pair of first-
order ordinary differential equatioﬂg which are treated as an initial
value problem with dE/dx at x=0 given by Eq. (16.2) and E at x=0 an
assumed value. The ordinary differential equations were then
integrated from x=0»to x=1 using a variable step—length Runge-Kutta
algorithm which provides dependent variable values at uniformly-spaced
positions internal to the [0,1] interval. The value of E at x=1 so
calculated was compared with the value prescribed in Egq. (16.1), and a
bisection method was applied to search for the appropriate centerline
E value consistent with boundary condition (16.1).

Then, using this E profile, the ES equations were integrated from
t=0 to t=At applying Euler’s method. The Es(x,Ar) profile so obtained
was then used invthe next round of E(x,At) calculations using the
shooting method as described. The solutions for E_(x,7) and E(x,7)
were then advanced in time through steps of size At by cycling through
these a{fernating procedures., The total amount of immobilized enzyme

at dimensionless time T has been determined by evaluating the integral

1
Es,total(T) - 3( ES(X’T)dX (18)

numerically using Simpson's rule.



=173~

SIHULATION RESULTS

Each frame in Figunre 2 shows immobilized enzyme profiles at
different times (E (x,t) versus x at different values of t). The
results in different frames correspond to different values of XO, the
ratio of the enzyme molecule radius to the initial pore radius. Ttus,
the parameter A characterizes the magnitude of the restricted
diffusion influence, with larger Xo values corresponding to greater
diffusion restriction.

As expected, when diffusion is unrestricted (KO = 0; top frame in
Figure 2), enzyme loading, while initially somewhat nonuniform,
becomes spatially uniform at monolayer coverage as contacting time
with immobilizing solution increases. However, for the restricted
diffusion cases shown, the internal distribution of immobilized enzyme
remains distinctly nonuniform at all times considered. Loading near
the pore mouth (the catalyst particle exterior; x=1) achieves
monoclayer coverage, but the particle center (x=0) contains little or
no immobilized enzyme.

The influence of increasing the immobilization reaction rate
relative to the enzyme diffusion rate may be seen by comparing
Figure 2, calculated for Thiele modulus value ¢ = 3, and Figure 3,
which shkows analogous results computed for ¢ = 5. These figures show
that for each value of A, considered, the loading profiles of
immobilized enzyme for ® = 5 are steeper than tke lcading profiles at
corresp;nding times for ¢ = 3. VWhen ko = 0, enzyme immobilization
proceeds until the particle is saturated for ¢ = 5 as it does
for ¢ =3, but for the larger ¢ value immobilized enzyme is localized

more toward the outer portion of the support throughout the loading
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process. The same is true for the much slower penetration of the
particle by enzyme observed for Xo = 0.2. A higher Thiele modulus
therefore leads to more nonuniform loading profiles of immobilized
enzyme when diffusion is restricted as well as when diffusion is
unrestricted, where here again the term 'restricted indicates that
diffusion of unbound enzyme is inflvenced by the large size of the
enzyme compared to the accessible cross—sectional area of the
support’s pores.

Figure 4 displays the calculated changes with immobilization
time T of the total amount of immobilized enzyme Es,total for the
cases considered in Figures 2 and 3. These results show that the
gquantity of enzyme which can be immobilized after a given time
decrezses significantly as restricted diffusion effects become more
pronounced. When diffusion is unrestricted i.e., when Xo = 0, a
saturating concentration of immobilized enzyme throughout the particle
is established more rapidly on the same dimensionless time scale
for ¢ = 5 than for ¢ = 3. This is not unexpected given the faster
immobilization reaction rate relative to diffusion rate which prevails
at the larger value of 9. Somewhat surprising, lowever, is the
crossover of calculated loading trajectories that occurs with ¢ =5
and ¢ = 3 for A, = 0.2. Here the immobilization rate determined from
the slope of the loading curve is initially higher for ¢ = 5 than
for 9¢=3. At times greater thanm tv = 2, however, the opposite
situation occurs, at least for the calculated values incleded in
Figure 4. This is particularly interesting considering that a similar
crossover of immobilization trajectories has been reported for enzymes

immobilized on porous activated carbon inm a recirculstion reactor.3
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DISCUSSION

Model simulations for reasonable parameter ranges mimic well some
of the phenomena observed in previous experimental studies. A large
protein such as glucoamylase effectively stops impregnation of CNBr-
Sepharose 6B although the internal loading is incomplete and
nonuniformly distributed, while BSA, a smaller protein, impregnates
the entire porous particle with an internally uniform immobilized
protein distribution. Simulation results sh6w the same trend.

Earlier impregnation modelsll’12

which did not include restricted
diffusion and reduction in void pore cross section could not simulate
effective cessation of immobilization with nonuniform intermal
loading. Success of the present model ir this regard derives from
inclusion here of the interaction of immobilization reactions, which
cause local increase in bound macromolecule concentration, and reduced
enzyme flows to pore surfaces deeper in the pore. While more
sophisticated descriptions of intraparticle transport may be desirable
for quantitative design of supports and impregnation processes, the
relatively simplified description employed here is sufficient for
gqualitative purposes.

Interactions‘of enzyme impregnation in porous supports with time-—
varying iwrcbilizing solution enzyme concentrations may influence the
amount and intermal distribution of immobilized enzyme. Research is
current}y’in progress on models and simulations which include this
feature. Since the activities and stabilities of immobilized
biomolecules depend on the quantity and the intraparticle distribution

of the active immobilized species, further experimental and modeling
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studies aimed at understanding, simulating, and predicting
impregnation processes should contribute to improved methods and

practices for biocatalyst and biosorbent manufacture.
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NOKENCLATURE

cross—sectional area of pore region that contains enzyme
molecule centers

initial cross—sectional area of the support's pores
restricted diffusion coefficient
bulk phase diffusion coefficient

concentration of enzyme molecule centers im central region
of pore

immobilizing solution enzyme concentration at the exterior
surface of the particle (time invariant)

local immobilizeé enzyme concentration
immobilized enzyme concentraticn at morolayer coverage

dimensionless concentration of enzyme molecule centers in
central region of pore ( = efey )

local immobilized enzyme dimensionless concentration
(eg/e )

totzl amount of immobilized enzyme (dimensionless), defined
in Eq. (18)

function defined in Eq. (15.3)
molar flow rate of enzyme in z—direction of pore

dimensionless cross—sectional area of pore regiom containing
enzyme centers ( =A_/A)

rate constant for immobilization

hydrodynémic resistance factor, defined in Eq. (8)
pore length

radius of diffesing enzymes

effective pore radius

initial pore radius

dimensionless axial coordinate ( = z/L)

axial coordinate
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Greek symbols

A ratio of enzyme to effective pore diameter
ko ratio of enzyme to initial pore diameter

¥ defined in Eq. (14)

T dimensionless time

1
) Thiele modulus (= L(Zkimm/DmRo)z)
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FIGURE CAPTIONS

Schematic diagram illustrating the major features and rate

processes of the single pore model of enzyme immobilization

described in the text.

Dimensionless immobilized enzyme concentration profiles
(Eg) at various dimensionless times given by © = 0.80n,
n=1,2, ..., 7, for ¢= 3 and three different values of

ko' shown at the lower right of each plot.

Loading profiles of dimensionless immobilized enzyme
concentration Es for ¢=35, v = 0.80n, and A, = 0.0, n= 1-

8 (top), and A = 0.20, n = 1-4 (bottom).

Time dependence of Es,total’ the total amount of
immobilized enzyme (dimensionless), for ¢ = 3, ¢ =5, and

various values of ko' as marked.
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CONCLUDING DISCUSSION

Several important conclusions concerning the preparation and
properties of immobilized a-chymotrypsin can be drawn from this
research. Before focusing on these, however, it is appropriate to
emphasize an important consideration that was recognized early in this
study: the vast complexity of immobilized enzyme systems practically
ensures that several measurements using a variety of physiochemical
methods are required to obtain significant understanding of
immobilized enzyme behavior, The approaches tsken by many
investigators often oversimplify the phenomena under study and are
consequently inadequate. For example, it is not uncommon to
immobilize an enzyme and then measure the catalyst’s activity under
conditions where it is unclear how much enzyme is active and
accessible to substrate, whether substrate partitioning by the support
matrix is occurring, if internal or extermal diffusion effects are
significant, and so forth. Results obtained in this fashion are often
so confusing and so misleading it is doubtful they are useful at all.
Care has been taken here to avoid such pitfalls, and, as a result,
unparalleled insights into immobilized enzyme behavior have been
obtained. This in itself is a significant conclusion of this
research.

More specific conclusions can be summarized as follcws:

* Polymeric conjugates consisting of polyacrolein particles (20-30 nm
0.D.) radiation—grafted to larger polymethylmethacrylate

microspheres (1.2 or 6.5 pm 0.D.) serve as adequate supports for a—
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chymotrypsin immobilization, and presumably for other enzymes as

well.

Magnetic microspheres of polystyrene polymerized with magnetite
(10 pm 0.D.) strongly adsorb a-chymotrypsin. Pretreatment of this
material with polyacrolein microparticles produces very small

loading enhancement and increases diffusional resistance.

A mathematical description of simultaneous reaction and diffusion
within a spherical immobilized enzyme catalyst accurately interprets

the measured reaction rates of a—-CI-CNBr Sepharose 4B conjugates.

The specific activity of a-chymotrypsin immobilized on CNBr-—

activated Sepharose 4B decreases with increasing enzyme lcading.

a-Chymotrypsin immobilized uwsing a siz—carbon spacer arm exhibits

greater specific activity than directly coupled enzyme.

The observed activity changes of c-chymotrypsin due to
immobilization are accompanied by active site structural alterations
revesled bty EPR spectroscopy. Specifically, the mobility of
attached spin label becomes more restricted as the specific activity

decreases.

The existence of two subpopulations of immobilized o-chymotrypsin on
CNBr—Sepharose 4B has been indicated by two different spin labels.
EPR measurements in the presence of indole in conjunction with
activity assays and active site titrationms reveal that the two
subpopulations of immobilized chymotrypsin have specific activities

that differ by a factor of fifteen.
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* The relative amounts of each enzyme subpopulation vary with the
active enzyme loading. As more enzyme is immobilized, the relative

amount of the less active subpopulation increases.

* Immobilization to CNBr—Sepharose 4B significantly improves the

stability of a—chymotrypsin in high concentrations of n-propanol and

t-butanol.

* Deactivation of immobilized e~chymotrypsin in solutions of aliphatic
alcohols differs significantly from first-order. In 50% n-propanol,
the first 120 minutes of immobilized chymotrypsin deactivation can

be described fairly well by Nth-order kinetics, N = 3.23.

Deactivation in aliphatic alcohols of immobilized a—-chymotrypsin is
accompanied by severe structural distortion of the active site that

follows similar kinetics as the loss of active enzyme.

The specific activity of active immobilized chymotrypsin increases
slightly with increasing exposure to 50% n-propanol. This
counterintuitive phenomenon is due to a redistribution of active
immobilized enzyme subpopulations favoring the more active form.

Data are only available for contact times of 120 minutes or less.

A mathematical model of enzyme immobilization in porous supports
predicts that nonuniform loading of immobilized enzyme will occur
under certain conditions. The distribution of enzyme within the

support matrix can influence the overall activity and stability of

an immobilized enzyme catalyst.
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*# Computer simulation of enzyme immobilization in porous materials
indicates that accumulation of immobilized enzyme in the support's
pores, and restricted diffusion of unattached enzyme, can combine to
reduce significantly the overall rate of immobilization and result

in nonuniform loading profiles of enzyme through the support.

Many of the above findings can serve as starting points for
further research. Particularly interesting is the heterogeneity of
immobilized o-chymotrypsin molecules revealed directly by EPR
spectroscopy. Possible causes for fhe occurrence of multiple enzyme
subpopulations will most likely be elucidated by direct efforts to
influence or control the distribution of enzyme forms on various
supports. Using CNBr-Sepharose 4B as one model system, possible
experiments along these lines include immobilizing enzyme in the
presence of small and large inhibitors to better preserve the enzyme's
active site conformation and limit the orientations that enzyme can
assume on the support surface, and performing the immobilization
reaction at low temperatures for short times to determine if one
enzyme subpopulation results before the other and can be isolated in
its pure form. In addition, better characterization of the support
material, which méy possess heterogeneous binding sites and/or local
microstructures, can be obtained by titrating the reactive surface
groups (see reference 14, Chapter 3) or by spin labeling the support
directly (see reference 15, Chapter 3). These experiments should
improve understanding of how and why immobilization affects tke
properties and constitution of enzyme molecules that exist in solution

as a homogeneous population. This information will lead to greater
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precision and versatility in the formulation and wutilization of
immobilized enzyme catalysts.

Finally, the enormous contributions that EPR spectroscopy has
made to his research should again be emphasized. No other single
technique has provided as much information at the molecular level
about the structure and function of an immobilized enzyme system. It
is therefore anticipated that EPR spectroscopy will play an expanded
role in future studies of immobilized enzymes, especially as greater
emphasis is placed on enlarging the. range of enzyme systems suitable
for study by EPR techniques. At present, active site directed spin
labels such as those used in this study are available only for serine
proteases and enzymes that contain sulfhydryl or methionyl grouwps in
or around their active sites. Further research is needed to develop
spin labels for enzymes beyond these relatively limited categories,
and to develop more general and versatile methods for labeling enzyme
active sites. Future studies directed toward these objectives are

strongly recommended.
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APPENDIX

The following is a double precision Fortran program, RESDIF, that
solves the mathematical model of enzyme immobilization presented in

Chapter 7.
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NN =D
Y0 = 0,C0C
Yot2y = ¢(.COC

" e Wy
St{¥) = YC(I!

FPS = C, COClDO
HE = ”.C 100

MF = 272

INDEY = )

1eRRCR=]

IF ¢» ,GT, 1) GO YO 33 -
SNLVFE THE ®ASS BALENCE FOR TYHF I®wCRLIZEC ENZY®E CON~
CENTOATIONY ESe USING FULLERYS 2APPPOYINMATICN ANT DISCOETY
TI®F FLEMENY DTAUy AND DEFINE THE PARAPETERS THAT FOLLCW,.
DC 9 ¥=1,41CC

ESINY=CSIK)+ (DTAUSPSTI*(THIELE®42,CCC))IPE(X)
*(1.000=-ES(X])

DFS(“"(l.:DC—LA“ICSORT(lcCDr- LDCeL AN

(1. C0N=LAPY*ESIK] )Y

LAYR(K)=1,CDC-CESEX)

ARF AN ) =) COCw& CONL AN, (TC=LAM)*ESIK)

OLEM (Y JaPSORT(1.20C~4, COC*LAP+ 1. O0C~LAN)SESINY)
NEFF(¥)a(2,000%(1,C00-

LAwYS(LAUS*D CCOYI/Z(OLAM(K)}*43,0D0)
P°"V(V"°2.104405*60267DC‘(lI'P(K,"Z (s}elo} |

“h JFANCO(LARB(KI®#4,CD

OENK ()=l , CDC=-2,1C2aTCoLAME(VYYa2,00Q00

(Levo(u )3, (DOI~C,G4BEC*(LAYR(K) “S.CDQ’

DAYV )= ((DESIK)*¥ 2, CNOJSTRENK(N}-2,CDC?*

DESIKIAOFENK(K]))

PIVINE THE PARTICLE INTC JACPEFENTS OF C.01, AND USFE
FYAITE CIFFEPENCES TO CALCULATF SFS, THE DEPIVAYIVE OF
YHE TwwCHRILYIZED ENZYME PPDFILE AT EACH INTEGRATION ENDPOINT,
YENTI{X)=DPFLODATIKY/10C.CDC

5"(1"(F5(2’ ESC1YIZUXENDL2)-YENDI(1))}

p0 11 K=2,

SESIMYI=(ESIKSLI=ESIK-1 T}/ (XEND{KeIF-XEND{(K=1}?
SECCINCI=(ESTICOI=ES(9G) Y/ IXFNT(ICCI=XEND(99))

on 10 w=1,100

Klsk

SFY FNCPCINTS (TCUT)Y FLCP RUNGF WUTT2 NUMERICAL INTEGRATION D
QUAST=STFADY SYATFE PASS PALANCF OF Ty THE ENZY™F COMCFATRATI
IN PROTICLE®S PORES, CALL CPIVE, A PCUTINE WITHIN THF
porcear NEOISOCE", EPISOCE IS & CIFFERENTIAL FRUATION
SOLVING PPOGPAF PACVWAGY THAY mUST PE LINKED wiITH RESDIF
I FRCETE A FUNCTICKNAL PROGRA™ (T.Fe THE EXYECUYF FILE
RESTIFLEXE). ,

TOUY = (CFLOAT(KIY/1ICC,COC

CALL DRIVEINTCyHCsY oy TOUTWFPSGTERPOR,MF,y INDEY])

E(w)y = YCL1)

THE FNLLCWING SECTITN LSFS THF BPISECTICN RETHON YO CHNOSE
CERTEOL IRE ENZYME CONCENTRPATION THAY RESULTS IN AN ENZYME
CORCENTRATION AY THE SULRFACE OF THE PARTICLE OF 1.0 +/- 0.01.
RAUNT (M) = YO(1)-1,C00

ARCUAD = DABS(BOUNTC(IR))Y

IF (ARCUND LT, C.CIDC) GO Ye 2%

IF (r ,CY., 5C) GO VG 2%

IF (NN ,GT, C) GO YO Bp
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1F (¥ ,CY. 1) GU YC 19¢C

TF (YD (1)-1.C0C) 24,42%,2¢

INCOFASE INITIAL GUFSS FOP CFNYERLINE BOUNDARY VALUF, IF
NECESSARY ([THIS IS CONE CMY IF NN = (),

YC(1) = S(®) + C.IC(TO

GO TN 2

DECRCASE INTIAL GUFSS FCRP CENTFRLINE BOUNDAPY VALUF, IF
NECFESSEARY (THIS IS CONE CNLY IF NN = 0),

¥Y0E1) = S(M) - C.1CCO

GO YO 2C

IF (BOUNDIM)*ROCUNDIM=11) T2+2547C

NN=WNg Y

A=BCUNC (V)
BxBNUNC(P~1)

AS=S (™)

RS«S(¥-1)
YOU(1¥=(2S+BS3/2,00C

G0t Tn 2¢

IF (8PunT(m)eA) B0 ,42%46C
BxQrUNT (V)

ES=S (™)
YCU1)=(2S+85)72.2D¢0

cn TN 2n

FoCnNeENT
ONg Y2 (1)
 OF C.01 1}

a us

TION ING
THIS PRO~
*ET.

ot X
wvis B

glLCULATF ESTe THE TYOTAL &MNUNT OF ENZYNME
-

Dﬂ 20N w=249842
SUF=SUre 4, CCO‘ES(K)!

N0 25" K=3,99,42
Suv1ls= SL’!*(Z ODC*ES(V))

ESTa(C r1IDC/3.CO0NLESIII4SUP+SUXLSESI100))
RATF=(EST-RFST)/DTAU
REST=FSY

IF 17U L£O0, 0.0CCY GN YO 29
1F (®N ,NE., 2C) GO TO £5
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