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The use of particles of porous titanium( IV) oxide as a suitable matrix for enzyme 
immobilisation has been investigated with dextranase. Treatment of the particles with 
enzyme in the presence and absence of ammonium ions showed that the presence of 
ammonia induced a greater coupling of protein, whereas a greater retention of 
enzyme specific activity mas achieved in the absence of ammonk. Properties of the 

immobilised enzyme include a pH-dependence and reversibility of the coupling 
between enzyme and matrix. The immobilised dextraoase was most stable at pH 5.0. 
Automated analytical techniques for measuring the activity of deltranase and other 
polysrrccharidases in soluble and insoluble forms are also reported. 

INI-RODUCIION 

Most of the meihods used’-’ to dsrivstise enzymes to gi\e ective immobilised- 
forms are laborious and cumbersome, and the mau-ix in :ictivated form may bz 
unstable. We have attempted to circumvent such problcmj by using a chelation 
technique in which a matrix can be quickly activated for enzyme attachment by 
treatment with simple titanium compounds5-“. Enzymes could be anachtd to such 
derivatives as ligands by replacio g water or chloride ligands on the titanium species 
chelated to the support. More recently, we have combined the matrix and the chelate 
bridge by devising methods of preparing hydrous asides of titanium which, by an 
analogous ligand-replacement system, are effective matrices for enzyme immo- 
bilisationg, and other immobilization phenomena’O-’ ‘. This method of immobilisa- 
tioo has also been euwoded to a hydrous oxide of zirconium’“-’ 3, and these supports 
have the advantages that they can be simply and quickly produed io siru. 

We now report an extension of this work, which involves porous titanium(iV) 
o.tide (titacium dioxide). 

EXPERIMENTAL AND FCESULTS 

Meawrenzetzt of iiexlrunase acrizYty. - (a) Alannual. Dextracase activity was 
measured in terms of the rate of release of reducing groups from dextran, by the 
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method of Bernfeld” modified as folious. The assay reagent consisted of 3,5- 
dinitrosalicylic acid (1 mg/ml) and sodium potzusium tartrate (300 mg/ml), dissolved 
in 0.5~ sodium hydroxide. In;oluble enzyme-derivative (25 mg, damp) or an aqueous 

solution of the soluble enzyme (I mglml, 25 ~1) was incubated with a 0.5% solution 

of dextran (Si_gma Chemical Co.; mol. wt., 170,000) in 20mM so&urn phosphak 

buffer (pH 5.0, I ml) at 37’ for 30 min. The reaction was terminated by rapid cooling, 
and removal of the solid by centrifugation. An aliquot (500 ,uI) of the supematant 
was immediately transferred to the assay reagent (2.5 ml), which was then heated in a 
boiling water-bath for IO min, and cooled to room temperature. The absorbance at 
570 nm \\as determined, and standard solutions of D-ghlcose were similarly treated 
to provide a linear calibration graph. The unit of dextrannsc activity was defined as 

that which leads to the release of reducmg groups equivalent to one micromole of 
D-glucose under the conditions of the assay. 

Fig. 1. Pumpmg syskm for auIouut_‘il 3.5dmluosahcylic acid assay. 
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Fig. 7. Pumping system Tar automxed deutranasc assay. 
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(6) Automated. An automated assay for reducing groups” was modified as 
shown in Fig. 1, with a Carlo Erba peristaltic proportionating pump, a Fisons 

Vitatron Calorimeter, and a Leeds and Northrup recorder. The assay reagent 
consisted of 3,5diaitrosalicylic acid (1 mg/ml) and sodium potassium tartrate 
(0.75 mg/ml) dissolved in 0.5~ sodium hydroxide. For the automated determination 
of elution of dextraoase activity, the system was modified to that shown in Fig. 2 

with a OS?/0 dcxtran solution. The system was tested by the passage of standard 
solutions of dextranase (O-0.01 mg/ml) in 0.0% sodium phosphate bulXer (pH 5.0), 
and it was confirmed that the pH of the eluate did not affect the assay by use of a 
solution of dextranase (0.01 mg/ml) in 0.02~1 sodium phosphate buffer (pH 7.3). 

Determhation of protei.9 contents of enzyme samplex - Rigorously dried, 
insoluble-enzyme derivatives (m 50 mg) were heated in sealed Pyrex ampouies with 
6b1 hydrochloric acid (AnalaR, 2 ml) and water (0.2 ml) at 1 IO” for 18 h. Aqueous 
solutions of the original. soluble enzymes (25 mg/ml, 0.2 ml), untreated matrix 
blanks, and water blanks were hydrolysed in the same way. The amino acid contents 
of the hydrolysates were determined by ninhydrin assay. 

The acid hydroiysates were transferred !o volumetric flasks (5 ml), and the 
ampoules were \%asbed with 8x1 sodium hydroxide (I .5 ml). The ktashings Lucre added 

to &he hydrolysates. the pH was adjusted to 5-S by the addition of 0.8~ sodium 
hydroxide and/or 0.6~ hydroch!oric acid, and the volume was adjusted to 5 ml lvith 

water. The solutions were diluted (I-10 times) with water, and the amino acid 
contents determined by an automated assay’ 6 with ninhydrin. 

Preparation of an insoluble dextranase dcriratire of porous titanium( f V) aside. - 
Porous titanium(W) oxide spheres (kindly supplied by Dr. A. R. Thompson, AERE, 
Harwell; type M27,0.3-mm particle diameter, large pore-size. 30 mg), which had been 
Hashed with an excess of \\ater to remove the fines, and oven-dried at SO’, were added 
to a solution of dextraaase (I ,6-cl-a-glucan 6-glucanohydrolase, EC 3.2.1. I I, Koch- 

Light Labs. Ltd., 356 units/mg, 4 mg/ml) in o.o?hl sodium phosphate buffers 
(pH 4.5-8.0, I ml), and shaken at a minimum rate for 18 h at 4”. Other conditions 
investigated were (a) dextranase concentration of 4 mg/ml, coupling at pH 5.0, 
shaking for OS-18 h: sod (5) dextrsnsse concentration of OS-S.0 mg/ml, coupliog 

Fi&. 3. Elect of varistlon of pli on the coupling, III the presence (-_O-) nod absence (-0-) oi 
ammoma, oT dextrmzse actiwty LO porous tltanium(l\‘) oude. 
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at pH 5.0, shaking for I8 h. The spheres were washed by shaking with 0.02~ phosphate 
buffer (pH 5.0, I2 x I ml, 5 min each) and assayed manually for destranase activity 
and protein content. Samples containing no enzyme were treated similarly to provide 
a blank in the enzyme assay, or to check, z+u oven-drying and weighing, that no 
titanium(W) oxide bad been lost by attrition. The results are shown in Figs. 3-5. 

The above couplings of enzyme to porous tiUnium(lV) oxide were repeated, 
but replacing the buffer with 0.9hr ammonium hydroxide which bad hen added 
slowly to 6hi hydrochloric acid to give the desired pH values ($54.0). Such solutions 
(0.9 ml) were then mixed with aqueous solutions (0.1 ml) of dextranase (5-80 mg/ml). 
The results are shown in Figs. 3-5. 

EfltBcr of rariaiion of rgacliotz cottdirions on the performance of a coluttut of 
dexrranase immobilised on porous ti~anittm(lL’) oxide. - Dextranase was immobilised 
on porous titanium(N) oxide (4 x I g) io the absence of ammonia as described above, 
but on 20 times tbe scale with a pH of 5.6, a coupling time of I8 h, and a dextranase 
concentration of 4 m&ml. The washed batches were combined, and packed under 

gravity in a column (8.5 x0.4 cm). The column w3s elutcd with 0.02~ sodium 
pbosphate buffer (pH 5.0) at 20”, at a flow rate of 0.2 ml/rnin; after 2-l h, a 0.5% 
solution of dextran (Sigma Chemical Co.; mol. !%t., 170,000) in the same buffer was 
passed continuously through the column. The eluate was analyssd automatically for 
reducing groups. A cons&W value was obtained, and this remained unchanged nhen 
the dextran concentration was incrensed continuously nnd linearly (0-S --) 20%) and 
then brought back to 0.5%. Simildriy, the level of eluted reducing-activity remained 
unchanged when tht dextran concentration was kept at O.j”& and the molarity of the 
sodium phosphate buffer (PH 5.0) was increased (0.02+0.2~1) continuously and 
linearly, and then returned to 0.02nr. 

The dextran concentration was kept at O.Wb in 0.02t.l sodium phosphate buffer. 
and the pH was increased continuously and linearly (5.0 --c 7.3), at a low rate to permit 
close observation of the behaviour of the immobilised enzyme. The pH in the column 

h6- 
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Fig. 6. Activity of dextranase ( -) immobilised on porous titamum(IV) oude as a tuoctlon 01 
environmental pH (-a--). 

FIN. 7. Relcass of dextranzse activity, ( -) from de*-trsnaje immobiliscd on porous titanium(lV) 
aside. as a runction o~environment~ pH (--Cl-). 
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was monitored in terms of the pH in the mixing vessel for the column iaput and, from 

tile residence time in the column and the delay time of the analytical system, the Icvei 
of reducing sugar could be equated with the pH valu2 (Fig. 6). On returning the pH 
to 5.0, the level of reducing sugar in the eluate was 73% of rhe original. The column of 
immobilised de.\tranase was elutrd with 0.02hl sodium phosphate buffer, the pH 
being increased continuously as described above. The enzyme activity eluted was 
determined (Fig. 7; by using the automated dextranase assay and the calibration graph 
obtained for standard solutions of dextranase. 

DISCUSSION 

A form of titanic oxide ha\ ing excellent packing properties has been developed 

by AERE, Hawell; this material has a uniform particle size and pore dimension. 

Specialist treatment during its production renders it porous. Derivatisations were 

attempted in the presence of ammonia, which aEectsg the chelating ability of hydra”a 

tiianium(lV) oxide. These reaciions therefore simulated those with hydrous titanium- 
(Uv) oxide (equivalent to method 5 in Ref. 9). Derivatisations were also attempted in 
ll12 abszocz of ammonia. 

It was found that destranase could be readily immobilised on the porous 
titanium(TV) oxide at pH 5, and products with bound activities of -7.5 units/g were 
obtained. Gprimisntion of the coupling with respect to reactlon pH, time, and enzyme- 
to-titanium(W) oxide ratio showed the following elects. In the presence of ammonia, 
pH had little elect (Fig. 3). However, in rhe absence: of ammonia, higher activity \\as 

obtained for coupling at pH values io\\er than 6, there being little variation in the 
range pH 4.5-6.0. Although the coupling reaction was largely complete within 2 h 
(Fig. G), activity continued to be coupled in the absence of ammonia, whereas, in the 

prcsencc of ammonia, there was a drop in the ncii\ity on prolonged stirring of the 
mixture. The fall of specific activity \\ith proloopd reaction time reflects jteric effects 

as the density of the coupled molecules is increased. Increases in the amount of 

ewvme oflixed to the substrate (Fig. 5) showed, for the absence of ammonia, gradual _ 
increases in *the amounts of activity and protein bound and a nearly constant retention 
of specific activity. DifTerent phenomena clearly operate in the presence of ammonia, 
where the overall degree of couplin g is much lower, resulting in the initial coupling of 
a small amount of enzyme with high retention of activity (little crowding), followed 
by further coupling whereupon the specific activity remains relatively constant. 

Thus, porous titanium(lV) oxide is a suitcble matrix for enzyme immobilisation. 
hfahimum amounts of dextranase attached. in the presence and abseocz of ammonia, 
were as fcllo~s. activity bound , 2.2 and 9.6 units/g of matrix; protein bound, 25.1 

and 3.2 mg!g of matrix: specific activity ot’ bound enzyme, 0.6 and 8.5 unh.s/mg 
(original 35.6 units/me), respectiveiy. Whereas the presence of ammonia induced a 
greater coupling of protein, it was clear that greater activities could be bound in tie 
absence of ammo&. 

Immobilised destranase (prepared in absent of ammonia) was efkctive when 
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used in column form, and acceptable flow-rates could be achieved. No loss of activity 

was detected even after elution with a 20% solution of dextran or \vith 0.2hl buffer. 

As the pH of the medium was raised, the activity passed through a ma?timum (Fig. 6) 

corresponding to the pH optimum of the enzyme @H - 5.5). Decrease in activity on 

further increase of the pH could reflect the activity-pH profile for the enzyme 

(activity at pH 6.0 and 7.0 is 50 and 120/G, respectively, of that at pH 5.5) or be caused 

by loss of enzyme from the matrix. After reaching pH 7.3. the activity level continued 

to fall without further increase in pH; on returning the pH to 5.0. 2796 of the original 

activity had been lost, but the pH value at which the actrvity loss had started could 

not be deduced from this experiment alone. 

In order to separate the effects of pH on :nzymic activity and on the elurion of 

enzyme from the column an analysis system was used.ivhich detected dextranase 

coming off the column by automatic assay of its reaction with dextran (Fig. 3). At 

PH -6, enzymic activity began to be eluted, but at higher pH values the release was 

more rapid until virtually all the enzyme had been eluted. It is therefore concluded that 

the rmmobilised enzyme is stable at loHer pH Lalues, but that the enzyme is eluted at 

higher pH values. This phenomenon may have application in the area of reversible 

enzyme-immobiluation; few matrices display this phenomenon, although it is one of 

practical use where changing the exhausted enzyme may be more convenient than 

changing the packing (see Ref. 17). 

Comparison with data for immobilisation of carbohydrate-directed enz:;mes 

upon bydrous titanium(W) oxide shows that lower activities are retained by the 

porous titanium(iV) oxide. However, the stability of the activity retained, which is at 

an acceptable level. and the fact that the material can be packed into a column for 

continuous use show that the oxide holds potential for enzyme immobilisation. 

Production of the matrix with Larious degrees of controlled porosity could therefore 

offer the basis for an immobilised-enzyme reactor separator. The matrix should be 

equally suitable for immot?ilisation of other molecuk~ such as immunogens. immuno- 

g!obulins, and aKinants. 
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