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Abstract: Papain, a sulfhydryl protease has been immobilized on flat-sheet modi- 
fied polysulfone membranes and hydroxyethyl cellulose coated polyethersulfone 
hollow fibers. Amidase activity of the enzyme in solution and on the membranes 
has been assayed. Immobilized papain on the modified polysulfone membrane 
and the hollow fibers retains 12% and 25% of its activity (with 1 mmol dm-3 
substrate) in solution, respectively. Loading experiments revealed decreased 
activity on the modified polysulfone membrane with increased enzyme loading. 
Adsorption experiments for the reaction product, p-nitroaniline, have been per- 
formed and an attempt has been made to correct for this in activity calculations. 
Apparent Michaelis-Menten parameters were determined for the modified poly- 
sulfone and hollow fibers, with both K, and V,,, being lower in the immobilized 
cases. Electron paramagnetic resonance study of the changes in active site con- 
formation of an enzyme on a hollow fiber membrane are reported for the first 
time. Experiments using the sulfhydryl-specific (1-oxyl-2,2,5,5-tetramethyl-A3- 
pyrroline-3-methyl)methanethiolsulfonate spin label depicted the presence of two 
subpopulations of immobilized papain on the hollow fibers, one of them active 
and one denatured. 

Key words : immobilized enzymes, biofunctional membranes, hollow fibers, elec- 
tron paramagnetic resonance. 

INTRODUCTION support matrices and are the subject of this investiga- 
tion. 

A biofunctional membrane is an entity in which a bio- Methods of immobilization fall into two broad cate- 
logical molecule is incorporated into a polymeric matrix gories of covalent binding and non-covalent or physical 
cast in the form of a porous membrane, thereby impart- immobilization.2 To attach the enzyme covalently onto 
ing a biological function to the membrane.' Enzymes polymer surfaces, the membrane polymer must be first 
have been immobilized on different types of supports modified to facilitate enzyme attachment. Polymer 
like microporous polymeric membranes, beads and gels. membranes with the hydroxyl group in their backbone 
Membranes possess several advantages over other are modified by reaction with glutaraldehyde, cyanogen 

bromide or FMP (2-fluoro- 1-methyl pyridinium 
* To whom correspondence should be addressed. t ~ s y l a t e ) . ~ - ~  Carboxyl group-containing polymers are 
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typically activated using EDC (l-ethyl 1,3-(3-dimethyl 
aminopropyl) carbodiimide.'** In all cases the enzyme is 
coupled to the activated membrane via the amine group 
of lysine or sometimes arginine. 

In the current investigation, papain, a thiol protease 
was used as a model enzyme. This enzyme has been 
studied extensively in the solution state and its structure 
is fully defined.'-' Immobilized papain on different 
supports has been researched by several investigators. 
The enzyme has been covalently attached to a porous 
silica support and also on porous (poly(y-methyl L- 
glutamate)  bead^.'^.'^ Papain has been immobilized on 
porous chitosan beads,l6 and the effects of varying 
surface concentrations, spacer length and pH on activ- 
ities have been reported. Polyvinyl alcohol and poly- 
vinyl butryl (PVA/PVB) copolymer membranes were 
used to attach papain ~ova len t ly .~* '~  Jayakumari and 
Pillai" have investigated papain immobilization by uti- 
lizing supports of varying cross-linking density. Papain 
immobilization on modified alumina supports has been 
investigated by Hyndman and colleagues. ' 9*20 

The enzyme undergoes conformational changes as a 
result of immobilization which directly influence its 
catalytic activity. To better understand the properties 
and functional response of the immobilized protein it is 
necessary to study these changes. Electron paramagne- 
tic resonance (EPR) is a spectroscopic technique which 
is used to study changes at the active-site of the enzyme. 
EPR detects unpaired electrons and characterizes the 
interaction between nuclear and electron spins when the 
sample is placed in a magnetic field and irradiated with 
microwave radiation. Application of this technique 
necessitates the use of nitroxide 'spin labels' as probes 
since most biological molecules are not paramagnetic in 
their natural state. 

Various researchers have studied the active site struc- 
tural features of immobilized enzymes by EPR spectros- 
copy. Investigations have dealt with immobilized horse 
liver dehydrogenase on sepharose and CNBr-sepharose 
supports.21*22 Thermal inactivation of immobilized a- 
amylase, chymotrypsin and trypsin has also been 
studied by EPICz3 Activity measurements of papain, in 
conjunction with EPR, on PVB membranes showed a 
good relationship between the properties and structure 
of the immobilized enzyme.6 

In most cases of immobilized enzyme systems studied 
by EPR spectroscopy, two subpopulations of the bound 
protein have been shown to exist; the more restricted 
subpopulation has been reported as being the less 
activez4 

Until now, EPR has been used extensively to charac- 
terize immobilized enzymes only on beads, gels, and 
occasionally on flat-sheet microporous  membrane^.'^ In 
this report, we present the first EPR study of immobil- 
ized enzymes on hollow fiber membranes and compare 
the findings with those of immobilized papain on flat- 
sheet membranes. We have also addressed the issues Of 

adsorption of reaction constituents on polymer mem- 
branes and the effects of this adsorption on the activity 
of the immobilized enzyme. Conformation changes at 
the active site of papain and measurements of its enzy- 
matic activity are reported. 

2 MATERIALS 

Hydroxyethyl cellulose (HEC) coated polyether sulfone 
(PES) hollow fibers (1 pm average pore size) were 
acquired from Sepracor. Flat-sheets of modified poly- 
sulfone blend, microporous (0.45 pm average pore size, 
152.4 pm thickness) membranes (MPS), UltraBind US 
450, were purchased from Gelman Sciences. Papain 
(lyophilized powder), N-benzoyl-~~-arginine-4-nitro- 
anilide (BAPNA), DL-CySteine, and ethyl- 
enediaminetetraacetic acid (EDTA) [disodium salt, 
dihydrate, 99 + % purity] were purchased from the 
Sigma Chemical Co. Dimethyl sulfoxide (DMSO) 
[HPLC grade] was obtained from Aldrich. The spin 
label, (1-oxyl-2,2,5,5-tetramethyl-A3-pyrroline-3-methyl) 
methanethiolsulfonate (MTS), was purchased from 
Reanal, Budapest, Hungary. 

3 EXPERIMENTAL METHODS 

3.1 Membrane characterization 

The commercial membranes that were used in various 
studies were characterized for surface area and pore size 
by nitrogen gas adsorption measurements, utilizing an 
Accelerated Surface Area and Porosimetry System from 
Micromer31 06s 
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3.3 Enzyme immobilization 

The HEC-coated hollow fibers were potted into a 
module using epoxy (6 fibers of 6.4 cm length each). 
They were first activated by reaction with glutaralde- 
hyde at 25°C for 48 h, following which the fibers were 
treated with a papain solution at  4°C for 48 h to yield 
biofunctional hollow fibers. The flat-sheet MPS mem- 
branes were cut into discs (each disc weighing 0-08 g) 
and reacted with a solution of papain at 4°C for 24 h. 
In both cases, the membranes were washed extensively 
to remove any non-specifically adsorbed papain and 
then reacted with ethanolamine to cap unreacted alde- 
hyde groups. The amount of papain immobilized was 
determined by difference in protein concentration before 
and after the immobilization reaction, utilizing Biorad's 
Bradford protein assay. 

3.4 Activity measurements 

The amidase activity of papain was assayed as 
described by A r n ~ n , ~ ~  with some modifications. A 
2 mmol dm - 3  solution of the substrate BAPNA was 
prepared in Tris buffer containing 1% (w/v) DMSO. 
The sulfhydryl group on 
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sizes and BET surface area measurements where appro- 
priate. Protein immobilization is influenced by several 
factors, the nature and morphology of the membrane 
support being one of them. Surface area and pore size of 
the support affect protein 
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Fig. 7. EPR spectrum of MTS-labeled papain in solution. Distance between arrows indicates the hyperfine splitting parameter, 
2Ai,. 

broadening of the high field resonance line (M, = - 1) 
than for the low field (M, = + 1) and center (M, = 0) 
resonance lines. 1*26*27 Immobilization of the spin label, 
MTS in this case, on the single SH group of papain, 
which is then attached to the membrane, leads to 
further motional restrictions manifested by line 
broadening and separation of the peaks of the EPR 
spectrum. Slower motion is also characterized by the 
hyperfine splitting between the low-field and high-field 
lines designated as 2 4 , ,  the hyperfine splitting param- 
eter. The larger the 2A:,, the slower the motion of the 
spin-label attached to the single SH group of papain 
located at the active site.24 Figure 7 clearly shows this 
splitting of MTS-labeled papain in solution is character- 
ized by one population with a 2AL, splitting of 53 G. 

In earlier EPR studies of papain spin-labeled 

with 
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