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SUMMARY 

The covalent binding of horse liver alcohol dehydrogenase (EC 1 1 1 1) to 
cross-linked copolymers of acrylamlde and of acrylamlde-methylacrylate using the 
glutaraldehyde method is described It was found that on increasing the hydropho- 
btclty of the matrix by copolymerlzatlon of methylacrylate with acrylamlde, the ap- 
parent Mlchaehs-Menten constant for the more hydrophoblc substrate n-butanol 
decreased by a factor of four, whereas that for ethanol was essentially unaffected The 
assumption that the more hydrophoblc matrix will preferentmlly adsorb the more 
hydrophoblc substrate was substantiated by equlhbrmm stu&es using n-[14C]butanol 
The more hydrophoblc copolymer (acrylamlde-methylacrylate) showed about 6 times 
higher binding of radioactivity 

The immobilized alcohol dehydrogenase preparations lost only 10~  of their 
enzymic activity after storage for a period of three weeks at 4 °C 

INTRODUCTION 

In the preceedmg part (Part I) examples have been given of the preparation 
of a number of copolymers illustrating the flexlblhty offered by the combmatlon of 
vanous acryhc copolymers In this section (Part II) an example is given of the Utdl- 
zatlon of such a "tailor-made" approach in the study of the effect of a change in 
hydrophoblc~ty of the matrix on enzymic actwlty Whereas mass-transfer and electro- 
static interactions between charged substrates and enzyme supports have been thor- 
oughly investigated to determine their effects upon the apparent kinetics of enzyme 
systems [1-3], studies on possible hydrophoblc effects have been neglected However 
such stu&es are of value because of the abundance of hplds in biological membranes 
The influence of hydrophoblclly has been stu&ed in the present investigation by 
varying only one parameter, I e the amount of the hydrophoblc component m an 
acrylic copolymer The enzyme chosen was hver alcohol dehydrogenase (EC 1 1 1 1) 
known to have a broad substrate spectrum for both hydrophlhc and hy&ophoblc 
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alcohols as well as for steroids [4] In addmon, increasing reformation 1s appearing 
in the literature on the in VlVO function of liver alcohol dehydrogenase, e g the 
oxidation of ~0-hydroxylated fatty acids and steroids which is assumed to take place 
in the hpid-rich mlcrosomal fraction [5] 

MATERIALS 

Alcohol dehydrogenase (horse hver, 1 6 unlts/mg), NAD ÷ (grade Ill) and 
semlcarbazlde were purchased from Sigma Chem Co (St Louis, M o ,  U S A ) 
Ethanol and n-butanol, both of analytical grade, and glutaraldehyde were distilled 
before use [1-iaC]Ethanol (59 2 mCi/mole) was obtained from Amersham (Great 
Britain) and n-[1-14C]butanol (12 1 mC1/mole) from New England Nuclear (Boston, 
Mass,  U S A ) Acrylamlde, methylacrylate, which was distilled before use ,and 
N,N'-methyleneblsacrylamlde were obtained from Eastman, Org Chem (N Y ,  
U S A ) Ammomum persulphate was obtained from Merck (Darmstadt, Germany), 
and fl-dlmethylamlnoproplomtrlle from FlukaAG, Buchs SG (Switzerland) Triton X- 
100 and toluene (scintillation grade) were obtained from BDH Chemicals, Ltd 
(Poole, U K ) 2,5-Diphenyloxazole and 1,4-bls(2-(4-methyl-5-phenyloxazolyl))benzene 
were purchased from Arapahoe Chemicals (Boulder, Colo ,  U S A ) 

METHODS 

Preparation of polymers of a~rylamlde and of acrylamtde-methylacrvlate (75 25, w/w) 
5 7 g monomer (5 7 g acrylamlde or 4 28 g acrylamlde and 1 42 g methyl- 

acrylate) and 0 3 g N,N'-methyleneblsacrylamlde were dissolved in 0 05 M Tns-HCI 
buffer (pH 7 3) to a final volume of 59 ml The catalyst system, which consisted of 
0 5 ml fl-dlmethylaminoproplonltrlle and 0 5 ml ammonium persulphate solution 
(0 1 g/ml buffer), was added to the monomer solution The polymerization was 
allowed to proceed for 2 h at room temperature m a beaker, after which time the gel 
block was cut into 1-mm shdes and then pressed through a net m order to get particles 
of roughly 1 mm diameter The polymer was thoroughly washed in 0 5 M NaC1 and 
in dtstllled water prior to freeze-drying 

Covalent couphng of hver alcohol dehydrogenase to the acryhc copolynlers 
Both copolymer preparations (300 mg dry weight) were activated for 14 h at 

40 °C with a 6 % solution of glutaraldehyde in 0 2 M phosphate buffer (pH 7 4) The 
activated gels were thoroughly washed for one day with several ahquots of ice-cold 
distilled water Then 3-4 mg of the enzyme were added and the mixture was left to 
couple for 12 h at 4 °C in 0 1 M phosphate buffer (pH 7 4) The enzyme derlvatwes 
were washed several times with 0 1 M NaHCO3 and finally with 0 1 M phosphate 
buffer (pH 8 0) 

Enzyme assay 
The actlvlty of liver alcohol dehydrogenase was assayed spectrophotometrl- 

cally by following the formation of NADH at 340 nm The assay mixture (final 
volume 8 ml). made up in 0 1 M phosphate buffer (pH 8 0), contamed 18 #moles 
NAD ÷, 600 ~moles semicarbazlde and varying amounts of the substrate, ethanol or 
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n-butanol 15 rng dry polymer, carrying 10 munlts of activity were used for all assays 
After equilibration for 10 mln at 25 °C the reaction was started by addltion of the 
alcohol The reaction solution was pumped from the incubation mixture, stirred at 
150 rev/mln in a conical flask, through a flow cuvette and back again to the enzyme 
suspension A net filter prevented the gel from entering the flow system 

Adsolptlon of [1-14C]ethanol and n-/1-14C]butanol to the acryhc copolymers 
Each copolymer (150 mg dry weight), treated with glutaraldehyde in the same 

way as those containing the enzyme, was swollen in phosphate buffer (pH 7 4), after 
which labelled alcohol was added The final volume of 8 ml contained either sub- 
strates at a concentration equal to their respective K m values, l e 0 3 mM ethanol 
or 0 1 mM n-butanol Equilibration proceeded for 2 h at 25 "C The radioactivity in 
1 ml of the supernatant solution, dissolved in 10 ml toluene-chloroform solution 
(2 1, v/v), containing 55 mg 2,5-diphenyloxazole and 1 mg 1,4-bls(2-(4-methyl-5- 
phenyloxazolyl))benzene, was measured in a liquid scintillation counter, Nuclear- 
Chicago, Mark I 

RESULTS AND DISCUSSION 

The blfunctlonal agent glutaraldehyde has been chosen for the lmmoblhzatlon 
of liver alcohol dehydrogenase on acrylic copolymers (c f Part I) Although the mode 
of binding involved in the glutaraldehyde method is not yet fully understood, it has 
been suggested that glutaraldehyde, when used in excess, reacts with the free amlde 
groups present in polyacrylamlde to give a modified support that contains aldehyde 
groups available for coupling with enzymes [6] Polyacrylamlde, as well as the co- 
polymer consisting of acrylamlde and the methyl ester of acrylic acid, were prepared 
by bulk polymerization followed by physical fragmentation Bead polymerization was 
not used in this case because the solubility of the hydrophoblc monomer, methyl- 
acrylate, in the hydrophoblc phase would lead to polymers of ill-defined composition 
Both the polyacrylamlde and the copolymer preparation of acrylamlde-methyl- 
acrylate (typical ratio, 75 25, w/w) showed almost the same enzymic activity of 
0 7 unit/g dry polymer Similarly, the degree of swelling in aqueous solution of both 
preparations was practically identical, differing only by about 5 % Thus, the rnaln 
difference between the two types of preparations seems to be the degree of hydro- 
phoblclty whereas the cross-hnking density appears to be the same Thin is substan- 
tiated by the results from eqmlibrlum studies using labelled n-butanol, which showed 
increased adsorption of the more hydrophoblc substrate n-butanol to the hydro- 
phobic polymer by a factor of six, compared to the outer solution (Table I) No such 
preferential adsorption was found with the polyacrylamlde gel Ethanol, however, 
showed almost Identical partition In the two polymers The "enrichment factors" 
given in Table I have been obtained from the difference in radioactivity found in the 
supernatant solution before and after addition of the polymer, and have been calcu- 
lated on the basis of the volume (150 #1) occupied by the dry polymer If the calcu- 
lations were made on the basis of the polymer in a swollen state and thereby in a larger 
volume (approximately ten times) the "enrichment factor" will be less than six The 
actual concentration of n-butanol In the hydrophobic surroundings of the enzyme 
cannot be determined but IS supposed to be highest in the immediate microenviron- 
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TABLE I 

THE INFLUENCE OF THE DEGREE OF HYDROPHOBICITY OF THE MATRIX ON THE MICHAELIS- 
MENTEN CONSTANTS, Kin, (Km(avp) FOR IMMOBILIZED ENZYME) OF ALCOHOL DEHYDROGENASE 
FOR ETHANOL AND n-BUTANOL AT pH 8 0 

The NAD + concentration was kept constant at 2 mM and the alcohol concentratmn was varied from 0 16 to 5 0 
mM for ethanol and 16 to 590/~M for n-butanol The adsorption of the labelled substrate, ethanol (300/tM, 8 ml 
total volume) or n-butanol (100 pM, 8 ml total volume) to the glutaraldehyde treated copolymers after 2 h equihbra- 
tion was determined by measuring the amount of radmact,ve alcohol remaining in the supernatant Three inde- 
pendent equilibrium studies were carried out with identical results (±0  8 ~)  The figures, given as enrichment of 
adsorbed alcohol, have been calculated assuming the adsorption to be restricted to the volume occupied by dry 
polymer (see text) 

Preparation 

Soluble alcohol 
dehydrogenase 

Alcohol dehydrogenase 
bound to polymer of 
acrylamlde (100 ~)  

Alcohol dehydrogenase 
bound to copolymer 
of acrylamide-methyl- 
acrylate (75 25, (w/w)) 

Km (mM) RadioactIwty found m supernatant after equlllbratmn 

[1-14C]ethanol n-[1-14C]butanol 

Ethanol n-Butanol cpm/ml calc cpm/ml calc 
supernatant ennchment supernatant enrichment 

to copolymer to copolymer 
(-fold) (-fold) 

0 30 0 09 . . . .  

0 57 0 16 11 140 (1) 37 575 (1) 

0 54 0 04 11 210 0 96 33 350 5 9 

ment  o f  the enzyme,  decreas ing gradual ly  with increas ing dis tance f rom the po lymer  
chains The measured  decrease in the Km values for  the n-butanol  by a fac tor  of  four  
as the enzyme is lmmob lhzed  to the hyd rophob ic  matr ix ,  correlates  wi th  the observed 
preferent ia l  adso rp t ion  of  n-butanol  to the matr ix  The appa ren t  Km of  the two 
immobi l i zed  enzyme p repa ra t ions  for  e thanol  are a lmos t  ident ical  The fact  tha t  the 
Km values of  our  lnsolublhzed enzyme p repa ra t ions  are  higher  than  those o f  the 
soluble  enzyme,  is in line with a great  number  of  observa t ions  on increased Km for 
immobi l i zed  enzymes,  most  l ikely caused by  diffusion hml ta t lons  exerted on the sub- 
strate by the mat r ix  [7] The ox ida t ion  of  a lcohol  was measured  in all the assays 
carr ied  out  with the cofac tor  N A D  + being present  in a non- ra te  l imit ing concen-  
t ra t ion ,  i e 200 t imes higher  than  Km measured  for  the native enzyme The s tablhty  
o f  bo th  types o f  lmmob lhzed  a lcohol  dehydrogenase  p repa ra t ions  was excellent  with 
only 10 ~o loss o f  act ivi ty over  a pe r iod  of  three weeks at  4 °C, whereas soluble enzyme 
under  cor respond ing  condi t ions  lost  50 ~ o f  its act ivi ty  

The four- fo ld  decrease in appa ren t  Km for  the h y d r o p h o b i c  subs t ra te  n-butanol  
on the more  h y d r o p h o b l c  gel has been ob ta ined  repea ted ly  In  line with our  studies is 
a r epor t  on an  observed 3-fold decrease in the Kl(ap.> for  the f l - f ructofuranosldase  
inh ib i tor  anil ine,  when the enzyme is b o u n d  to the h y d r o p h o b l c  suppor t  po lyamlno-  
styrene,  whereas no change was found  for  the hyd roph lhc  inh ib i tor  t r l s (hydroxy-  
methy l )amino  methane  [8] Also  o f  interest  are s imilar  effects descr ibed in a s tudy on 
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the elutlon of various compounds from polymers, used as model for the clinical 
application as depot preparations [9] Here it was found that the more hydrophoblc 
benzoic acid will, when entrapped in a hpophlhc gel (copolymer acrylamIde-methyl- 
methacrylate (10 90, w/w)), elute far slower than the more hydrophlhc phenylacetic 
acid We feel that studies of the type described in the present paper are of value for 
two reasons They point to the possibIhty of tailor-making enzyme suppoIts to smt 
specific purposes, such as preparations of"substrate-attractIng" gels which will permit 
enzymic reactions to be carried out more efficiently at a rather low total substrate 
concentration The point made here is illustrated m F i g  l ,  showing Mlchaelis-Menten 
plots of the enzyme, immoblhzed to both types of copolymers, for the substrate 
n-butanol At a concentration of 50 #M, for example, the rate of reaction was found 
to be about 75~  higher with the more hydrophoblc matrix (acrylamlde-methyl- 
acrylate), compared to that of polyacrylamide 

Furthermore, such studies demonstrate that great care should be taken when 
attempting to understand metabolism in general and Its regulation in particular, based 
on kinetic constants obtained from the study of solubihzed enzymes normally present 
n l ip id  containing structures such as membranes 
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Fig 1 The curves shown are Mlchaehs-Menten plots of hver alcohol dehydrogenase lmmoblhzed to 
polyacrylamlde (0- - -0)  and to acrylamlde-methylacrylate polymer ( O - - © )  using n-butanol as 
substrate at pH 8 0 The N A D  ÷ concentration was 2 mM 
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