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SUMMARY 

I. A me thod  is descr ibed  for the  p repa ra t ion  of water- insoluble  der iva t ives  of 
a - c h y m o t r y p s i n  using 2-amino-4,6-dichloro-s- t r iazine.  The insoluble suppor t  ma- 
ter ials  used were cellulose, DEAE-cel lu lose ,  CM-cellulose, Sephadex  and Sepharose.  

2. Resul ts  for the  effect of  enzyme concentra t ion ,  pH,  t e m p e r a t u r e  and t ime 
on the  a t t a c h m e n t  process are given.  

3. The influence of ionic s t rength ,  pH and par t ic le  size on the measured act ivi -  
t ies of these insoluble der iva t ives  of  c h y m o t r y p s i n  have been measured.  

4. The resul ts  show tha t  the  overal l  react ion ra te  may  be res t r ic ted  b y  the ra te  
of diffusion of  subs t ra te  into and p roduc t  out  of the  insolubil ised enzyme der ivat ive .  

I N T R O D U C T I O N  

A wide range of  techniques  have been used for the  chemical  a t t a c h m e n t  of 
enzymes  to water- insoluble  suppor t  mater ia l s  1,2. Some methods  require  the  presence 
of  amino or ca rboxy l  groups  on the  suppor t  mater ia l .  We have  favoured  the use of 
chemical  l inking agents  t ha t  react  wi th  hyd roxy l  groups  on the  suppor t  mater ia l  
because it is then possible to choose the  net  e lec t ros ta t ic  charge on the insoluble 
suppor t  by  using, for instance,  D E A E -  or CM-cellulose. 

Severa l  chemical  agents  have  been used to l ink enzymes to suppor t  mater ia l s  
conta in ing  h y d r o x y l  groups,  including b romace ty l  b romide  3, cyanogen bromide  4 and 
cyanur ic  chloride (2,4,6-tr ichloro-s-tr iazine) and  i ts  der ivat ives .  In  previous papers  
we have  descr ibed  the  p repa ra t ion  of  insoluble der iva t ives  of c hymot ryps in  5, l ac ta te  
dehydrogenase  G, p y r u v a t e  kinase 7, creat ine kinase 8, f l -galactosidase 9, penicil l in 
amidase  1° and amyloglucos idase  n to cellulose and its der iva t ives  using var ious  
s - t r iaz inyl  compounds ,  bu t  the  methods  of  p repa ra t ion  were not  inves t iga ted  in 

detai l .  
F r o m  these exper iments  we concluded t ha t  2-amino-4,6-dichloro-s- t r iazine  was 
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the most convenient and useful of the various compounds we had tried. I t  is easy to 
prepare in large quantities, gives convenient reaction times, and has no charged 
groups, but is not very soluble in water. In this paper we describe a general method 
for reacting this compound with a variety of support materials and investigate some 
of the factors affecting the amount of enzyme attached and the proportion of the 
enzyme activity retained. Although the experiments were confined to chymotrypsin, 
our previous experience with other enzymes indicates that  the results may  be of more 
general application. 

MATERIALS AND METHODS 

Materials 
Crystalline a-chymotrypsin and acetyl-L-tyrosine ethyl ester were obtained 

from Severac Laboratories (Pty) Ltd., Maidenhead, Berks. Cyanuric chloride was 
supplied by British Drug Houses Ltd., Poole, Dorset. DEAE-cellulose (grade DE 52) 
and CM-cellulose (grade CM 32) were supplied by W. R. Balston (Modified Cellulose) 
Ltd., and Sephadex G-2oo and Sepharose 4 B from Pharmacia Ltd., Uppsala. Analar 
grade reagents were used where possible. 

Preparation of 2-amino-4,6-dichloro-s-triazine 
This compound was prepared by a modification of the method of THURSTON 

et al. 12. A stream of gas, generated by  blowing N 2 through a gently warmed solution 
of 0.88 ammonia (35 %) and dried by passage through NaOH pellets, was introduced 
into a cold slurry (5-8 °) of 184 g of cyanuric chloride dissolved in a mixture of I 1 
of dioxane and 200 ml of toluene, until the products of the reaction formed a thick 
suspension. This solid was filtered off, washed with 500 ml of dioxane and discarded. 
The filtrate and washings were bulked and evaporated to dryness under reduced 
pressure on a rotary film evaporator. The product was recrystallized first by dis- 
solving it in an equivolume mixture of acetone and water followed by removal of the 
acetone under reduced pressure, and secondly by dissolving the solid in boiling water 
and cooling to room temperature within IO min to prevent any hydrolysis. The yield 
was about 9 ° %. 

Preparation of aminochloro-s-triazinyl derivatives of polymers 
Two solutions were required. Solution A was made by dissolving IO g of 2- 

amino-4,6-dichloro-s-triazine in 250 ml of acetone at 5 °0 and adding 250 ml of water 
of the same temperature. Solution B was 15% (w/v) aqueous solution of sodium 
carbonate to which 0.6 vol. of I M HC1 had been added. 

For the dry polymers, cellulose and CM-cellulose, 20 g of the material was 
added to Solution A (IOO ml) and stirred for 5 rain at 5 o°. Solution B (4 ° m l )  was 
added and the slurry stirred for a further 5 min at 5 o°. The pH value of the suspension 
was reduced rapidly to below 7 by  the addition of concentrated HC1. The product 
was recovered by filtration, washed with an equivolume mixture of acetone and water, 
followed by  water and then stored at 2 ° in o.I M sodium phosphate buffer (pH 6.7). 

For DEAE-cellulose (4 ° g wet weight) identical reaction conditions were used 
except that  the mixture of DEAE-cellulose and Solution A was stirred for only 30 sec 
before addition of Solution B. 
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Before use, Sephadex (;-2oo was boiled in wate r  fl~r 30 rain and Sepharose  4 B 
was washed tho rough ly  to remove preservat ives .  Af ter  r emova l  of excess wate r  with 
gent le  suct ion on a Buchner  funnel,  these mate r ia l s  (equivalent  in each case to abou t  
2.5 g d ry  weight) were reac ted  in the  same way  as for 2o g cellulose. 

Preparation of insoluble derivatives of chymotrvpsin 
An aqueous  solut ion of c h y m o t r y p s i n  (20 mg/ml)  and a 0.5 M sodium bora te  

buffer (pH 8.75 ) (unless otherwise s ta ted)  were added  to the  suspension of amino-  
chloro-s- t r iaz inyl  der iva t ive ,  to give final concent ra t ions  of  7 I5 mg/ml  and o.o 7- 
o.2 M, respect ively ,  depending  on the exper iment .  The react ion was allowed to pro- 
ceed at  23 °. The p roduc t  was washed with an equivolume mixture  of 5 M NaCl and 
8 M urea  unless otherwise s ta ted .  

The amoun t  of enzyme a t t a c h e d  was ob ta ined  from the difference in absorbance  
at  28o m p  between the chymot ryps in  added  and tha t  present  in the  washings. 

Enzyme assay 
Both  c h y m o t r y p s i n  and its insoluble  de r iva t ives  were assayed using acetyl-  

ty ros ine  e thy l  ester  in a p H - s t a t  (model TTlc,  Ra d iome te r  Ltd. ,  ( 'openhagen) .  The 
t e m p e r a t u r e  was 23 °. As the  subs t r a t e  is not  very  soluble in water ,  it  was dissolved 
in o /  ~o/o d ioxane  at  5 o° for some exper iments ,  so t ha t  a final concent ra t ion  of  25 mM 
could be reached in the  assay mixture .  The amoun t  of enzyme solut ion or suspension 
a d d e d  in the  assay var ied,  giving final concen t ra t ions  of  d ioxane  between 5 and 6 °' o. 
In  most  assays of the  insolubi l ised enzyme der iva t ives ,  phospha te  buffer and  NaCl 
were added  to give final concent ra t ions  of  abou t  o.o2 and o.3 M, respect ively .  

R E S U L T S  

Factors determining the amount of enzyme attached 
(a) Support material. C h y m o t r y p s i n  was a t t a c h e d  to var ious  suppor t  mater ia l s  

as descr ibed  in MATERIALS AND METHODS. The amoun t s  of  enzyme a t t ached  af ter  
18 h in each case are shown in "Fable I. The q u a n t i t y  of  enzyme used in each exper i -  
anent was not  identical  bu t  in all cases the  enzyme concent ra t ion  was sufficiently 
high (7 ~5 rag/nil) not  to affect the amoun t  a t t ached .  Each  p repa ra t ion  was washed 
tho rough ly  with 5 M NaCI to remove  adsorbed  enzyme and the results  at  this  s tage 

TA13LI (  1 

T H E  E F F E C T  O F  S U P P O R T  M A T E R I A L  ON T I l E  A M O U N T  OF E N Z Y M E  A T T A C H E D  

Support material IVater Proportion Amount  of enzyme attached 
regain o] available (mg/g support material) 
(~.,et wt./ enzyme 
d~ W wt. ) attached r 2 

(as %) 

C F  t I - c e l l u l o s e  2.o Io .o  4.3 3 .2 
CM 3 2 - c e l l u l o s e  3.() 21.0  i 13 9 0  
D E  5 2 - c e l l u l o s e  4.2 37 .8  133 I 17 
S e p h a d e x  G - 2 o o  I}g 75 .0  212 ~86 
S e p h a r o s e  4 B 25 74 .0  392 34 ° 
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Fig. I. Effect  of enzyme  concen t ra t ion  on the  a m o u n t  of  ava i l ab le  enzyme  a t t a c h e d  to  CM- 
cellulose (C)) and  Sepharose (A)  af ter  reac t ion  a t  23 ° and  p H  8. 7 for 18 h. 

are shown in Column I of Table I. Repeated washing with NH4OH-NH4C1 (pH 8.6) 
for 4 days followed by washing with 5 M NaC1 removed some more enzyme, as shown 
in Column 2 of Table I. Further washing with an equivolume mixture of 5 M NaC1 
and 8 M urea removed small amounts of enzyme from the Sepharose 4 B preparation 
and trace quantities from the Sephadex G-2oo and DEAE-cellulose preparations. 
After this exhaustive washing procedure no more enzyme was solubilised when the 
preparations were left to stand for several weeks at 2 ° . However when the slurry of 
Sepharose 4B-chymotrypsin was stirred overnight in 5 M NaC1 some further enzyme 
was solubilised. 

(b) Enzyme concentration. The effect of enzyme concentration on the amount 
of enzyme attached was examined for Sepharose 4 B and CM-cellulose. The damp 
amino-chloro-s-triazinyl derivative (o.I g dry weight) of Sepharose 4B was mixed 
with 2 ml chymotrypsin solution, I ml borate buffer and water to give the desired 
enzyme concentrations. For the CM-cellulose derivative only I ml of the chymo- 
trypsin solution was used. The results for the amounts of enzyme attached after 18 h 
are shown in Fig. I. 

(c) Time of reaction. The amounts of enzyme attached to derivatives of DEAE- 
cellulose and CM-cellulose after different reaction times were measured and the 
results are shown in Tables II  and III .  In both experiments the amount of chymo- 

T A B L E  I I  

T H E  E F F E C T  O F  R E A C T I O N  T I M E  ON T H E  A M O U N T  O F  E N Z Y M E  A T T A C H E D  TO D E - 5 2 - C E L L U L O S E  

Time Protein A ctivity 
(h) attached retained 

(mg]g by attached 
support enzyme 
material) (%) 

o.17 42 4 z 
0.34 58 
0.67 77 
i . o  84 4 ° 
2.0 96 
3.0 io2 

19.3 i i o  42 
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T A H L F  I l l  

T H E  EFFt , 'CT OF R E A C T I O N  T I M E  ON T H E  A M O U N T  OF E N Z Y M E  A T T A C H E D  TO ( ' M  .~2 C E L t . (  L()SI,. 

Time Protein .t ctwity 
( k ) attached ~ ~ taim'd 

(mg/g hy attached 
support c~zyme 
material) (%) 

I.  7 t l  
2. 4 1i 

4 .25  I 0  7 ° 
2~ 38 

48  52 4 ( ) 

trypsin available was I IO mg/g support material and the final borate concentration 
was o.o8 M. The pH of the reaction mixture was 8.85 for DEAE-cellulose and 8.6 for 
the CM-cellulose experiment. 

(d) Effect ofpH. Since the isoelectric point of chynlotrypsin is close to the pit 
at which the enzynle was attached, experiments were done with DEAE-cellulose and 
CM-cellulose derivatives at pH values above and below the isoelectric point. The 
reaction conditions were as described in MATERIALS AND METHOI)S except that for the 
experiments at pH 9 the borate buffer was brought to the correct pH with alkali and 
for the experiment at pH 8, I M phosphate buffer was used instead of borate buffer. 
The results are shown in Table IV. 

(e) Effect of temperature. All the previous experiments were done at 23.  It is 
possible that some enzymes may be unstable during attachment at this temperature. 
Therefore an experiment at 2 ° was done. The amino-chloro-s-triazinyl derivative of 
Sephadex (o.14 g dry weight) was reacted for 18 h with 2 ml of chymotrypsin and 
I ml borate buffer (pH 8.75 ). During this time 82 mg enzyme/g Sephadex were at- 
tached. When treated with fresh solutions of chymotrypsin and borate buffer fl)r a 
further 6o h, an additional 85 mg enzyme/g Sephadex were attached. 

Factors affecting the enzymic activity of the insolubilised enzyme 
It  is not very meaningful to characterise an insolubilised enzyme simply by 

measuring its apparent Km and Vmax values under one set of conditions. Many factors, 

T A  B L I ' i  I V  

T H E  E F F E C T  OF p H  ON T H E  A M O U N T  O1: F N Z Y M E  A T T A C I t E 1 )  

S u p p o r t  mater ia l  p H  (,2 ,7 ,ll(izt**l ({f 
re'aclio~l 6~2yt~H 

atlached 
(mg/,~ 
supporl 
material) 

C M - c e l l u l o s e  ~ ";t  
C M - c e l l u l o s c  S , -' 
D E A F . - c e l l u l o s e  0 22o  
l )F~ A E - c e l l u l o s e  S I 2.5 
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The variation with pH of keat for chymotrypsin and its derivatives in presence of dioxane, 
buffer and NaC1. Chymotrypsin (O), DEAE-cellulose-chymotrypsin (IiO mg/g support) before 
grinding (A) and after grinding (A), DEAE-cellulose-chymotrypsin ( t i  mg/g support) ([~). Also 
shown are values for chymotrypsin in the absence of dioxane (©) and for DEAE-cellulose-chymo- 
trypsin (i I o mg/g support) in the absence of dioxane, buffer and NaCI (+) .  

Fig. 3. The variation with pH of the K,, of chymotrypsin and apparent  Km's of its derivatives. 
Symbols as for Fig. 2. 

including electrostatic interaction and diffusional limitation, may affect the kinetics 
of the system. As we show in this paper, even when the reaction rate is partly dif- 
fusion-limited it is possible to obtain data which result in an almost straight Line- 
weaver-Burk plot but give misleading values for Km and Vmax. Therefore we have 
examined the activity of chymotrypsin attached to DEAE-cellulose over a wide 
range of conditions. 

The values of keat and Km for the soluble enzyme at various pH values and in 
the presence and absence of dioxane are given in Figs. 2 and 3. Values for keat were  

calculated assuming a molecular weight for chymotrypsin of 24 ooo. The results 
agree well with those obtained previously by KAPLAN AND LAIDLER 13 but the value 
of kea t at pH IO with dioxane present is subject to some error as the Km was very high. 

Similar measurements were made for a preparation of DEAE-cellulose-chymo- 
trypsin containing IiO mg of enzyme/g support material. With no buffer and no 
dioxane present in the assay mixture the values for keat were  very low but increased 
with pH indicating that the pH optimum was much higher than for the free enzyme 
(Fig. 2). Also the apparent Kra values, although close to those for the free enzyme, 
were shifted by almost two pH units judging by the position of minimum values in 
each case (Fig. 3). This was thought to be a reflection of a difference between the pH 
of the micro-environment around the attached enzyme molecules and the bulk 
solution. 

When buffer but no NaC1 was added, keat at pH 6 was 36 sec -1, i.e. several 
times that when buffer and NaC1 were added. Although this result was rather inaccu- 
rate because of the high apparent Km (25 mM), it indicated that a shift to high values 
of the pH of the micro-environment of the enzyme was occurring as would be expected 
with a positively-charged support materiaP 0. 

To overcome this all other experiments were done with dilute buffer and NaC1 
in the assay mixture. When the DEAE-cellulose-chymotrypsin was assayed under 
these conditions its pH-act ivi ty profile was now similar to that for the free enzyme. 
The much higher activities that were now obtained, particularly at pH's  8 and 9, 
gave rise to another effect, giving a distorted Lineweaver-Burk plot. This is very 
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clearly shown in Fig. 4 when the insolubilised enzyme was assayed in the presence of 
dioxane so that high substrate concentrations could be reached. Extrapolation of the 
line through points obtained at low substrate concentrations gave a value for 7'max 

greater than for the free enzyme although all of the measured reaction rates were 
considerably less than those for the free enzyme at corresponding substrate concen- 
trations. The apparent Km measured in this way was extremely high (greater than 
o.i M). At pH where the insolubilised enzyme was less active the Lineweaver Burk 
plot was linear and keat and Km could be measured. These are shown in Figs. 2 and 3. 

The distorted Lineweaver Burk plots for DEAE-cellulose-chymotrypsin assayed 
at pH's 8 and 9 were believed to be due to diffusional limitation of the reaction rate. 
The preparation was therefore ground to give a very fine powder and the experiments 
repeated. Values for keat and apparent Km of this finely ground material are given in 
Figs. 2 and 3. Even at pH 9 a linear Lineweaver Burk plot was obtained (Fig. 4). The 

F 

0.06 ,/ 

E | / 

2 3  ~. 

0.02 

- 02  0 0 .2  0 .4  

zL~ J 

Fig. 4. Lineweaver Burk plot for chymotrypsin (O), DEAE-cellulose-chymotrypsin (llO mg/g 
support) before grinding (A) and after grinding (A), and DEAE-cellulose-chymotrypsin (i t mg/g 
support) (_~) assayed at pH 9 in the presence of dioxane, buffer and NaC1. 

large reduction in the diffusional limitation of the reaction rate resulting from the 
reduction in particle size was reflected in the apparent Km values which were much 
lower and close to the values for the free enzyme assayed under the same conditions. 
It  is very interesting that grinding increased the activity of the preparation in the 
region of its optimum pH but there was no significant increase at pH 5 or 6 where 
the potential maximum activity of the enzyme is lower. Thus diffusional limitation 
of the reaction rate of the unground preparation occurs only under those conditions 
where the potential maximum reaction rate of the preparation is high. 

A second preparation of DEAE-cellulose-chymotrypsin containing i I m g  of 
enzyme per g support material was also assayed in the presence of buffer and NaC1. 
Linear Lineweaver-Burk plots were obtained at all pH values examined (e.g. Fig. 4). 
The results are given in Figs. 2 and 3. The values for apparent Km are similar to those 
for the preparation containing IiO mg of enzyme per g support material after it had 
been ground except that at pH 8 where it is higher. Since this corresponds to the 
highest keat value slight diffusional limitation may be occurring at this pH. 
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DISCUSSION 

Cyanuric chloride and its derivatives provide a wide range of compounds with 
differing reactivities. They are of considerable interest therefore as agents for linking 
enzymes to solid support materials. Cyanuric chloride itself is very reactive and it is 
very difficult to control the various reactions. In particular the support material often 
becomes cross-linked giving a material to which very little enzyme can be attached. 
2-Carboxymethoxy-4,6-dichloro-s-triazine, linked to a hydroxyl group on the support 
material and to an amino group on the enzyme, has a structure similar to ammelide 
and the covalent links are not very stable. Dyes based on s-triazines, while com- 
mercially available and cheap, are not very reactive and contain large hydrophobic 
groups, which may denature the enzyme, and strongly electronegative sulphonic acid 
groups. Nevertheless, dyes can be used successfully with DEAE-cellulose 6. 2-Car- 
boxymethylamino-4,6-dichloro-s-triazine is a satisfactory reagentSO ° but is difficult 
to prepare and carries a negative charge making it unsuitable for use with some sup- 
port  materials. 

The reagent that  we have used in this paper, 2-amino-4,6-dichloro-s-triazine 
has proved to be the most suitable so far. I t  is easily prepared, carries no net charge 
and has chlorines that  react at convenient rates. Unfortunately it is not very soluble 
in water and it is necessary to use mixed solvents which may affect the support ma- 
terial. When dissolved in acetone-water to make Solution A, 2-amino-4,6-dichloro- 
s-triazine is stable at 2 ° for several days but at 5 °0 for only about 3 h. On mixing with 
Solution B, a final pH of lO.5 is obtained at which the coupling reaction occurs rapidly 
at 5 o°. Under these conditions cross-linking of the support material is minimised and 
with the support materials used in this paper, their water regain was unchanged after 
reaction with the s-triazine derivative. 

The amounts of enzyme that  we have attached to various support materials 
using 2-amino-4,6-dichloro-s-triazine were considered adequate but  in most cases at 
least they were probably not the maximum values attainable. The result for Sepharose 
was similar to that  obtained by PORATH et al. 14 for agarose-linked chymotrypsin. We 
considered that  preparations containing about IOO mg enzyme/g support material, 
assuming a reasonable recovery of enzyme activity (3o-4o %), were sufficiently active 
for most purposes. This amount of enzyme could not be attached to cellulose powder 
although IOO mg/g has been coupled to reprecipitated cellulose. Unfortunately we 
have found that  this material is slightly water-soluble and because of its amorphous 
gelatinous nature is very difficult to filter. 

I t  is necessary to wash insoluble derivative very thoroughly with NaCl-urea 
mixtures preferably in a packed bed over a long period. In our experience we were 
satisfied when no enzyme was detectable in the washings when the material was 
stirred very gently in NaC1 overnight. This means that  the amount of enzyme solu- 
bilised in this time was less than about I ppm of bound enzyme. In the case of Se- 
pharose this could not be attained; which may be due either to small particles being 
produced by grinding--these particles would then pass through the filter and be 
detected as soluble enzyme-or  because the support material gradually dissolves. In 
this respect it is interesting that  Sepharose is the only support material which is not 
chemically cross-linked, except for cellulose itself, which is very strongly cross-linked 
by hydrogen bonding. 
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i t  is ev ident  from the t i ine-course of the react ion (Tables 11 and I 1I) t ha t  the  
react ion is much more rap id  with DEAE-ce l lu lose  than  with CM-celtulose. This is 
due p r o b a b l y  to the ca ta ly t i c  effect of the  t e r t i a ry  amine groups a l though the precise 
na tu re  of  the  ca ta lys is  is not  unders tood.  

Al though DEAE-ce l lu lose  may  be reac ted  effectively at  pH 8, the react ion with 
CM-cellulose at  this  pH is too slow (Table IV). In general  a pH grea ter  than  8.75 is 
required.  

The effect of t i le charge on the suppor t  mater ia l  on the amoun t  of enzyme 
a t t ached  as shown in Table  IV is not  typical .  In  general  we have found tha t  to get  
large amount s  of  enzyme a t t a c h e d  it is necessary for tile charge on the suppor t  to be 
oppos i te  to tha t  on the  enzyme 8, Chymot ryps in  is an except ion because its isoelectric 
poin t  is 8.6, i.e. it is a lmost  e lectr ical ly  neu t ra l  a t  the  pH of a t t achmen t .  

In near ly  all the exper iments  on enzylne a t t a c h m e n t  we have not  measured the 
act iv i t ies  of the  p repara t ions  since, as we have shown for DEAE-cel lu lose  der ivat ives ,  
i t  is necessary in each case to ensure tha t  the  results  obta ined ,  especial ly bx ex t ra -  
pola t ion of Lineweaver  Burk  plots,  are meaningful .  For the ac t iv i ty  measurements  
in Tables  I I  and I I I  the  p repa ra t ions  were assayed at  p H  6 with buffer and  Nat1,  
and  we have shown in o ther  exper imen t s  in this  paper  tha t  this  was just if ied as no 
diffusional  l imi ta t ion  occurred under  these condit ions.  

I t  has not  been our objec t  to unde r t ake  a de ta i led  kinetic  analysis  of the  insolu- 
bil ised chymot ryps in  bu t  merely to find a basis on which a sound comparison of the  
enzymic  act iv i t ies  of tile var ious  p repa ra t ions  could be made.  I t  is ev ident  f rom the  
resul ts  t ha t  it  is necessary to assay the ma te r i a l  in the  presence of buffer and moder-  
a te ly  high ionic s t rength.  In the  absence of buffer the  p ropor t ion  of enzwuic  ac t iv i ty  
remain ing  af ter  insolubi l i sa t ion is very  low, abou t  ' ) - 5 %  of the ac t iv i ty  in free so- 
lution.  This is ahnost  cer ta in ly  caused by  acid t ha t  is evolved in the reaction.  The 
ra te  of diffusion of  acetyl4_-tyrosine ion out  of the DEAE-ce l lu lose  p a r t M e s  is proba-  
b ly  abou t  the  same as the  rate  of diffusion in of the  ester,  which is cons iderably  less 
than  the ra te  at  which the enzymic  react ion can occur (as measured  on the tinelv 
g round  mater ia l ) .  Consequent ly  the  pH in the par t ic les  falls unti l  tile rate  of the 
enzwnic  react ion is equal  to the  ra te  of diffusion of p roduc t  out  of the  part icle.  This 
would appea r  to occur at abou t  p H  5. Similar  changes in the  p H  op t imum due to acid 
produc t ion  were observed by  GOLD.MAN el al, 1~ for papa in -co l lod ion  membranes .  It 
should be no ted  tha t  both  phospha te  buffer and  NaC1 were needed in our assays to 
shift  t i le p H  op t imum of tile insolubil ised enzyme to correspond with  tha t  for the 
free enzyme.  

The react ion ra te  of an insolubi l ised enzyme can be res t r ic ted  by the rate  of 
mass t ransfer  of the  subs t ra te  ei ther  from the bulk of the  solut ion to tile smTace of 
the  suppor t  ma te r i aP<  ~v or into the pores of the  suppor t  'a. The present  exper iments  
on DEAE-ce l lu lose -chy lno t ryps in  prove  t ha t  pore diffusion can very seriously re- 
s tr ict  the  react ion rate.  This leads to a large increase in the  apt)arent  K m  giving 
L i n e w e a v e r - B u r k  plots  that ,  though  linear,  give nonsensical  values of the max ima l  
veloci ty  when ex t rapo la t ed .  I t  mus t  be remembered ,  however,  t ha t  the p repara t ions  
descr ibed in this  paper  were made  with a very  act ive enzyme and therefore had  max-  
imal  ac t iv i t ies  of about  Ie  #moles /min  per  nag of p repa ra t ion .  Thus  it is possible with 
less act ive enzymes to lnake p repara t ions  with the  same a lnount  ~)f enzyme a t t ached  
bu t  which do not  suffer from severe diffusion l imi ta t ion  of tile react ion rate.  

l~iochim, t~iophvs. A c/a, IQ~ (~97 o) -'76 2~5 
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In  t he  absence  o f  diffusion l i m i t a t i o n  t h e  keat va lues  for  t he  D E A E - c e l l u l o s e -  

c h y m o t r y p s i n  d e r i v a t i v e s  con t a in ing  i i  m g  e n z y m e  per  g s u p p o r t  m a t e r i a l  and  the  

o t h e r  c o n t a i n i n g  I i O  m g  of  e n z y m e  per  g o f  s u p p o r t  m a t e r i a l  a f t e r  g r ind ing  were  a 

c o n s t a n t  p r o p o r t i o n  o f  those  for  t he  free e n z y m e  o v e r  t h e  p H  range  e x a m i n e d .  The  

a t t a c h e d  e n z y m e  in t he  t w o  p r e p a r a t i o n s  h a d  62 and  41°/o, r e spec t ive ly ,  o f  t he  free 
e n z y m e  a c t i v i t y .  I n  b o t h  of  our  p r e p a r a t i o n s  a l m o s t  all  o f  t h e  ava i l ab l e  e n z y m e  in 

t he  a t t a c h m e n t  r eac t i on  m i x t u r e  b e c a m e  a t t a c h e d .  These  resu l t s  for  a m o u n t  o f  e n z y m e  

a t t a c h e d  a n d  r e c o v e r y  o f  e n z y m i c  a c t i v i t y  c o m p a r e  f a v o u r a b l y  w i t h  those  r e p o r t e d  
for  insolubi l i sed  fo rms  of  c h y m o t r y p s i n  and  o t h e r  e n z y m e s  p r e p a r e d  b y  chemica l  

a t t a c h m e n t  to  a s u p p o r t  ma te r i a l .  
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