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ABSTRACT 

A systematic investigation of the parameters that affect the effi- 
ciency of immobilizing heparinase onto cyanogen bromide activated 
crosslinked 8% agarose beads was conducted. Two experimental mea- 
sures, the "fraction bound" and the "fraction retained," were used 
to monitor the coupling efficiency. The fraction bound is the portion 
of the total initial enzyme that is bound to the agarose gel. The frac- 
tion retained is the fraction of bound enzyme that is active. The prod- 
uct of the two measures indicates the coupling efficiency. The activity 
of the immobilized heparinase was measured under conditions free of 
both internal and external mass transfer limitations, and thus, the 
fraction retained represents the true immobilized enzyme activity. 

Increasing the degree of activation of the beads results in an in- 
crease in the fraction bound, the fraction retained, and consequently, 
the coupling efficiency. As the ratio of enzyme solution to gel volume 
increases from 1.5 to 2.2, the fraction bound remains constant but the 
fraction retained decreases (heparinase concentration; 0.15 mg/mL 
and degree of activation; 9.5 #mol of cyanate esters/g of gel). At 
volume ratios greater than 2.2, both the fraction bound and the frac- 
tion retained decline continuously. Changing the heparinase concen- 
tration in the coupling solution changes the coupling efficiency in a 
manner similar to that of the volume ratio change. 

When heparin is added during the coupling process, the fraction 
bound declines as the heparin concentration increases, whereas the 
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fraction retained increases up to a heparin concentration of 12 mg/mL 
and decreases thereafter. When arginine, lysine, and glycine are used 
to block the unreacted cyanate ester groups after the coupling pro- 
cess, the immobilized heparinase shows different pH optima of 6.5, 
6.9, and 7.2, respectively. Based upon these findings, a protocol to 
optimize heparinase immobilization is developed. 

Index Entries: Heparinase immobilization; fraction bound; frac- 
tion retained; coupling efficiency; cyanogen bromide activation; 
crosslinked 8% agarose beads; degree of activation; blocking agents. 

INTRODUCTION 

A reactor containing immobilized heparinase has previously been 
shown to be useful in removing heparin and thereby preventing heparin- 
induced bleeding complications when the anticoagulant is used in extra- 
corporeal perfusions (1,2). The enzyme was immobilized onto crosslinked 
8% agarose gel beads that were activated with cyanogen bromide (CNBr) 
(3,4). Although heparinase was successfully immobilized onto these 
beads, a systematic study of the immobilization process was not con- 
ducted. In order to maximize the efficiency of heparinase immobilization 
and at the same time minimize any waste of heparinase, it is essential to 
investigate the factors that affect the binding and the retention of hepa- 
rinase activity so that the immobilization procedure can be optimized. 

We present herein a systematic investigation of the parameters that 
affect the immobilization of heparinase to a CNBr activated support mate- 
rial. Crosslinked 8% agarose beads were chosen as the support material 
because when compared with other polysaccharide support materials 
(e.g., Sephadex) that are suitable for CNBr activation, agarose beads pos- 
sess an optimal pore size and surface area for heparinase immobilization 
(5). In addition, crosslinked 8% agarose beads are mechanically strong 
and have been used for the ex vivo heparinase reactor studies (2). 

The activity of the enzyme after immobilization can be influenced by 
both the distribution of the enzyme within the porous suport and the 
conditions under which the enzyme is assayed. Thus, to measure the true 
fraction retained, diffusional limitations and the concentration profile of 
the enzyme within the support must be taken into consideration. 

The binding kinetics of heparinase to CNBr activated agarose has been 
studied previously (3). Under the conditions utilized in the current inves- 
tigation heparinase is uniformly distributed within the agarose gel. The 
reaction kinetics of the immobilized heparinase and assay conditions 
have also been determined (4). Under the conditions employed in the 
current study, internal and external mass transfer limitations have been 
completely eliminated (4). Thus, the enzyme activity measured is the true 
activity of immobilized enzyme. 
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Two experimental measures, the "fraction bound" and "fraction re- 
tained," are used to monitor the efficiency of heparinase immobilization. 
The fraction bound is defined as the portion of the total initial enzyme 
that is bound to the support material. The fraction retained is defined as 
the fraction of bound enzyme that is catalytically active. The product of 
the two measures represents the ratio of bound active enzyme to the total 
amount of enzyme initially available for immobilization and indicates the 
overall coupling efficiency. Since the two experimental measures are in- 
dependent ones and may vary in a different fashion, the overall coupling 
efficiency accounts for variability in both these measures. 

The parameters involved in the present study include the degree of 
activation of the support (i.e., /~mol cyanate esters per weight agarose), 
the ratio of heparinase solution to agarose bead volume, the enzyme con- 
centration in the coupling solution, and the amount of heparin added 
during the coupling procedure. In addition, the effects of the blocking 
agents which were used to block any unreacted cyanate ester groups after 
heparinase immobilization were also examined. 

Based upon these findings, a protocol to optimize heparinase immo- 
bilization and to minimize the waste of the enzyme was developed. The 
systematic approach discussed in this paper may be followed to develop 
protocols for the preparation of other immobilized enzymes, especially 
when the samples are prepared in large quantities and an optimized pro- 
cess is necessary. 

EXPERIMENTAL 

Materials 

Heparin was purchased from Hepar Industries. Bio-Rad Coomassie 
dye reagent, hydroxylapatite, and Biogel A 1.5 (8% agarose) were from 
Biorad Laboratories. 2,3-dibromopropanol was from Aldrich Chemicals. 
Cyanogen Bromide was purchased from Fisher Scientific Company. All 
other chemicals were reagent grade and water was distilled and deionized. 
All immobilizations were conducted in 16 mL polypropylene tubes ob- 
tained from Nalgene. 

Methods 

Assays 
Protein concentrations were measured by the method of Bradford (6). 

The activity of free heparinase was assayed by following the appearance 
of the double bonds of the heparin degradation products at 232 nm (7). 
The activity of immobilized heparinase (i.e., on crosslinked agarose beads) 
was measured using a procedure described previously (4,8). A unit of 
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heparinase activity is defined as the amount of enzyme required to pro- 
duce 1 ~mol of double bonds/min (7). 

Heparinase Preparation 
Cultures of Flavobacterium heparinum were grown according to the 

procedure of Galliher et al. (10). After harvest, the cells were disrupted 
with a homogenizer, and the homogenate was treated with protamine 
sulfate to remove the nucleic acids present (11). Heparinase was then 
purified from the homogenate by a combination of batch hydroxylapatite 
and QAE-Sephadex chromatography, according to a previously described 
method (12). The enzyme solution was concentrated by ultrafiltration at 
4~ for 2-3 h, using an Amicon Model 8400 Ultrafiltration Cell equipped 
with a YM30 membrane. After ultrafiltration, the enzyme had a specific 
activity of 0.45-1.2 U/mL and a protein concentration of 0.10-0.28 mg/mL. 

The heparinase solution thus prepared was nearly free from all the 
other catalytic enzyme contaminants (12). The catalytically pure heparin- 
ase has been shown to have identical kinetic properties to the homoge- 
neous heparinase (12). In addition, the protein contaminants present 
have been shown to have no effect on the binding of heparinase to CNBr 
activated agarose (3). Heparinase content was determined from the den- 
sitometry trace of the SDS electrophoresis gel of the preparation. 

Preparation of Crosslinked 8 % Agarose 
Biogel 1.5 (8% agarose) beads were crosslinked twice with 2,3-dibro- 

mopropanol, according to the procedure described previously (9). 

Heparinase Immobilization 
The immobilization process consists of two steps: the activation of 

the agarose matrix with cyanogen bromide, and the coupling of heparin- 
ase to the activated gel. A detailed description of both steps is listed 
below. Unless otherwise stated, this general procedure was followed 
throughout the entire study. 

Activation of the Agarose Beads 
The crosslinked 8% agarose beads were activated according to a 

modified procedure of March et al. (13). One hundred mL of beads were 
washed with 500 mL of chilled distilled water and resuspended in 100 mL 
of the distilled water. To the suspension, 200 mL of chilled 2 M sodium 
carbonate solution were added. After a short period of equilibration, 40 
mL of CNBr in acetonitrile (1 g/mL) were added, and the mixture was 
vigorously agitated in a fume hood for 5 min. The reaction mixture was 
quickly filtered, washed with 1000 mL of chilled distilled water, and then 
with 500 mL of chilled 1 mM HC1. 

A 150 mg of sample of suction-dried beads was assayed for the degree 
of activation according to a previously described procedure (9). One g of 
suction dried resin corresponds to 0.5 gm dry weight. The activated 
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beads thus prepared normally contain 10-20/~mol of cyanate esters per 
gram of the suction-dried resin. To prepare beads possessing different 
degrees of activation, different volumes of the CNBr solution were used. 

Coupling of  Heparinase 

Coupling was carried out by adding two volumes of the above pre- 
pared heparinase solution to one volume of the activated beads. The bottle 
containing the reaction mixture was agitated for 10 h at 4 ~ using an orbital 
rocking table (Boekel, W. Germany). The beads were filtered on a coarse 
glass filter and the supernatant was assayed for heparinase activity. To 
block the unreacted cyanate ester groups, the beads were suspended in 
two volumes of 0.1 M NaHCO3 buffer (pH 8.3) containing 0.2 M lysine 
(i.e., the blocking agent) and 0.5 M NaC1. The suspension was incubated 
overnight at 4 ~ 

After the incubation, the beads were washed with three volumes of 
chilled 0.1 M NaHCO3, 0.5 M NaC1 buffer (pH 8.3), three volumes of 0.0725 
M NaH2PO4, 0.125 M NaC1 buffer (pH 7.0), and then resuspended in the 
latter buffer. The washings and a sample of beads were assayed for hepa- 
rinase activity. The volume of beads was determined by spinning the sus- 
pension at 4~ 2000 g for 5 rain in a graduated polystyrene centrifuge 
tube. 

When the effect of heparin in the coupling solution was examined, 
heparin powder was added to the enzyme solution and the same cou- 
pling process was followed. When the effect of using different blocking 
agents was examined, agents such as glycine and arginine were used to 
replace lysine in the blocking process, and identical procedures were 
followed. 

Estimation of  the Fraction Bound, Fraction Retained, 
and Coupling Efficiency 

The fraction bound (Fb) w a s  calculated as follows: 

FB = (V~A~ - VsAs - VwAw) / (ViAi) 

where Vi was the volume of the original enzyme solution, Ai was the ac- 
tivity of the original enzyme solution, �89 was the volume of the super- 
natant, As was the activity of the supernatant, Vw was the volume of the 
washings, and Aw was the activity of the washings. 

The fraction retained (E) was computed as 

Fr = WbAb / (FbViAi) 

where VB was the total volume of beads and Ab w a s  the activity of the 
beads. 

The coupling efficiency (CE) was calculated as 

CE = FBFr = Vb Ab / Wi Ai 
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RESULTS AND DISCUSSION 

Control experiments in which heparinase was incubated with non- 
activated agarose were conducted to determine the loss of heparinase 
activity caused by agitation and thermal deactivation. No loss of enzymatic 
activity (N= 6) was observed over the 10-h period. All losses of heparin- 
ase activity from the coupling solution with activated beads are therefore 
attributed to the immobilization procedure. 

If the functional groups at the active site of the enzyme are involved 
in the coupling, it may result in a conformational change of the enzyme, 
rendering it catalytically inactive. To protect the active site, enzymes are 
often immobilized in the presence of their substrate or competitive inhibi- 
tors (14). We have chosen to use heparin to protect the active site of hepa- 
rinase because of its availability and high water solubility. 

The effect of adding heparin at different concentrations to the coupling 
solution is given in Fig. 1. Heparin was maintained in the concentration 
range of 6-90 mg/mL. At these levels the enzyme is kept saturated with 
the substrate since the heparin concentrations are much larger than 0.12 
mg/mL, which is the Km of the free enzyme (11). All other immobilization 
parameters were held constant. 

The maximum fraction bound occurred with no added heparin and 
declined with increasing concentrations of heparin added. The differences 
in the fraction bound are statistically significant (P < 0.01) except between 
heparin concentrations of 6 and 12 mg/mL. The decrease in fraction bound 
with increasing heparin concentration suggests that heparin competes 
with heparinase for binding sites on the activated agarose beads. The 
coupling of heparin to the agarose beads may be attributed to the amino 
groups on the heparin molecule that allow heparin to bind (14). It is im- 
portant to note that even at the lowest heparin concentration (6.0 mg/mL), 
the molar ratio of heparin to heparinase is 240 to I and heparin is present 
in a large excess. 

The fraction retained increased with increasing heparin concentration 
up to a level of 12 mg/mL, and decreased with further increases in heparin 
concentration (Fig. 1). The initial rise in the fraction retained suggests that 
heparin offers protection to the active site during the coupling process. 
The decline in activity with higher heparin levels, however, may result 
from the increase in bound heparin. Heparin molecules are highly nega- 
tively charged and their attachment to the gel surface may create a micro- 
environment unfavorable to heparin degradation. The bound heparin 
will electrostatically repel soluble heparin and prevent it from approach- 
ing the bound enzyme. 

The drop in the fraction bound and the rise in the fraction retained 
observed at heparin concentrations between 0 to 12 mg/mL are statistically 
significant (P<0.01). However, at these heparin levels, there is no statis- 
tical difference in the coupling efficiency. The increase in the fraction re- 
tained observed with adding small amounts of heparin is offset by the 
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Fig. 1. The effect of heparin on the immobilization of heparinase. The 

symbols of Cc = N, E, and VF/VB used in this and the following figures (Figs. 2-5) 
represent the cyanate ester concentration, the enzyme concentration (in U/mL), 
and the volume ratio of enzyme solution to beads, respectively. Unless other- 
wise stated, the pH and temperature in this and the following figures were 7.0 
and 4~ respectively. In addition, each point was the average of two indepen- 
dent experiments, and all assays were conducted in triplicate. 

decrease in the fraction bound,  and as a consequence,  the addition of 
heparin results in no net effect on the overall coupling process. However ,  
at heparin levels greater than 12 mg/mL, the overall coupling efficiency 
drops at a statistically significant rate (P < 0.02) and the addition of hepa- 
rin has a negative effect. 
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The effect of adding heparin was further studied with beads containing 
a higher degree of activation. The cyanate ester concentration on the beads 
was increased from 9.2 #mol/g in Fig. I to 13.5/~mol/g in Fig. 2. It was as- 
sumed that at a higher cyanate ester concentration the likelihood of multi- 
point attachments of the enzyme to the agarose would be increased. Under 
such conditions, the effect of protecting the active site of the enzyme with 
heparin would be more obvious. Heparin concentrations were maintained 
between 0-6 mg/mL, since, as shown in Fig. 1, values outside of this 
range had either no effect or a negative effect on the immobilization. 
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20-  

0 

o Bound E :.65 U/cc 
a Retoined V F 

= 2.0 
o Coupling Efficiency V B 
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3 6 
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Fig. 2. The effect of heparin on the immobilization of heparinase. The 

cyanate ester concentration was 13.5/~mol/g. 

Applied Biochemistry and Biotechnology Vol. 16, 1987 



Immobilized Heparinase 13 7 

There was no significant variation in the fraction bound, fraction re- 
tained, and the coupling efficiency over the heparin range tested (Fig. 2, 
P < 0.05). The increase in available cyanate esters apparently negated the 
effect of heparin competing with heparinase for binding. 

Unlike the data shown in Fig. 1, the fraction retained in Fig. 2 remained 
constant over the heparin concentrations studied. The reasons for this 
behavior are not clear and any suggested interpretation must be specula- 
tive. As discussed previously, heparin could offer some protection to the 
active site of heparinase during the coupling process and bound heparin 
may also stabilize the immobilized enzyme. These effects would result in 
an increase in the fraction retained as opposed to what was observed. 
However, a high cyanate ester concentration would introduce a high 
level of bound heparin. This could impart a net negative charge on the 
beads, and alternatively, decrease the level of the fraction retained. Thus 
the constancy in the fraction retained shown in Fig. 2 may be the conse- 
quence of these two opposite effects offsetting each other. It could also 
mean that at high cyanate ester concentrations more heparin would be re- 
quired to issue the protection to the enzyme active site. 

The coupling efficiency, which was constant over the heparin range 
studied, was a direct consequence of the fraction bound and the fraction 
retained. It therefore appears that at a high cyanate ester concentration of 
13.5 #mol/g, the addition of heparin has no statistically significant effect. 

The effect of varying the cyanate ester concentration is given in Fig. 3. 
Three different cyanate ester concentrations (5.6, 9.2, and 13.5/~mol/g) 
were examined. All other immobilization parameters were held constant. 
The fraction bound and the fraction retained increased with increasing 
cyanate ester concentration, causing the overall coupling efficiency to in- 
crease as well. 

At these conditions, the cyanate esters were always present in at least 
a 900-fold excess of the enzyme. Therefore, the drop in the fraction bound 
at lower cyanate ester concentrations was not owing to a shortage of un- 
reacted esters. The results may be more properly interpreted on the basis 
of the kinetics of the coupling process. The coupling kinetics increase 
with increasing cyanate ester concentration (3). Since the experiment was 
conducted over a fixed time period, the gel with the highest ester concen- 
tration will have bound the most enzyme and have a larger fraction bound. 

As more cyanate ester groups are added to the gel, multipoint attach- 
ments are favored. The possibility of coupling amino groups near or in the 
enzyme active site to the gel increases. The conformation of the enzyme is 
more likely to be altered and may inactivate the enzyme. This would de- 
crease the fraction retained as opposed to the experimentally observed 
rise. Thus, if multipoint attachments were occurring they were not suffi- 
cient to decrease the immobilized enzyme activity. 

A second explanation for the experimental finding may be related to 
the lysine buffer that was used after the enzyme coupling step. For these 
experiments, lysine buffer was added to the gel to block the unreacted 
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Fig. 3. The effect of cyanate ester concentration on the immobilization of 

heparinase. No heparin was added during the coupling process. 

cyanate groups. It has been shown that lysine enhances the amount of 
heparinase activity retained as compared to no lysine or the use of other 
amino acids such as glycine (5). Rosenberg (14) has also reported that 
lysine residues are responsible for the binding of heparin to antithrom- 
bin. From these results it appears that heparin has a strong affinity for 
lysine. Those beads that had a high degree of activation will have more 
unused cyanate esters remaining on the gel at the end of the coupling 
step. More lysine can be attached to the gel, creating a microenvironment 
favorable to the substrate heparin. 
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The effect of the volume ratio of enzyme solution to beads is given in 
Fig. 4. All other immobilization parameters were held constant. Up to a 
volume ratio of 2.2, there was no statistically significant difference in the 
fraction bound  (P < .05). However ,  at a volume ratio greater than 2.2, the 
fraction bound  declined continuously.  The fraction retained decreased 
with increasing values of the volume ratio. The overall coupling efficiency 
decreases in a manner  parallel to that of the retained fraction. As pre- 
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Fig. 4. The effect of the volume ratio of enzyme solution to beads on 
the immobilization of heparinase. No heparin was added during the coupling 
process. 
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viously discussed, the drop in the bound fraction was not owing to the 
lack of cyanate ester groups. As the volume ratio was increased, the total 
amount of enzyme loaded onto the support was greater. A higher percen- 
tage of the cyanate esters become sterically inaccessible to the unbound 
enzyme. This presumably results from direct shielding of the esters by a 
bound molecule, space limitations, or electrostatic effects. Together with 
multipoint attachments, the cyanate ester concentration that is available to 
react is much lower and the rate of binding slows down. As more enzyme 
binds, it becomes more difficult for subsequent free enzyme molecules to 
couple. Since the experiment was conducted over a fixed time period, the 
slowdown in binding rate causes a net drop in the fraction bound. 

The drop in the fraction retained at higher ratios may result from un- 
favorable electrostatic interactions and space limitations arising from 
enzyme crowding. Such crowding prevents enzyme molecules from main- 
taining their native active conformation and can result in a drop of the 
fraction retained (15). 

If high bound enzyme concentrations were responsible for the drop in 
the fraction bound and the fraction retained, the same qualitative behavior 
should be seen when the gel was overloaded with enzyme by increasing 
the heparinase concentration of the immobilization solution. The effect 
of the enzyme concentration on the immobilization is given in Fig. 5. The 
volume ratio was maintained at a constant value of 2.0, whereas the en- 
zyme concentration in the solution was varied from 0.45 to 1.2 U/mL. As 
shown in Fig. 5, the same qualitative behavior was observed on the frac- 
tion bound, fraction retained, and coupling efficiency. As the enzyme 
concentration in the coupling solution was increased, the fraction bound 
and the fraction retained decreased. These results are consistent with our 
conclusion that in the presence of a high level of bound enzyme the steric 
hindrance between enzyme molecules will impede their catalytic activity. 

The effect of using different blocking agents is shown in Fig. 6. When 
arginine, lysine, and glycine were used to block the unreacted cyanate 
ester groups after heparinase immobilization, the immobilized heparinase 
showed different pH optima of 6.5, 6.9, and 7.2, respectively. It is reported 
that free heparinase has a pH optimum of about 6.5 (11). The pH opti- 
mum of the immobilized heparinase appears to shift toward a more alka- 
line value with increasing the acidity of the blocking agents used. These 
results are consistent those of Goldstein et al. (15), which suggest that an 
alkaline pH shift upon immobilization is indicative of the enzyme-support 
possessing a net negative charge. When the amino groups of the blocking 
agents are covalently linked to the support, it will provide the gel surface 
with a more negatively charged environment. 

SUMMARY 

Based on the above findings, a protocol to optimize heparinase im- 
mobilization and to minimize the waste of the enzyme was developed. 
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Fig. 5. The effect of enzyme concentration on the immobilization of 

heparinase. The volume ratio of enzyme solution to beads was maintained at 
2.0. No heparin was added during the coupling process. 

The protocol suggests the use of a highly activated gel containing 10-15 
#mol/g of cyanate esters, a low volume ratio of enzyme to beads (e.g., a 
ratio of 1.5) or a low heparinase concentration (e.g., 0.45 U/mL), and no 
heparin during the coupling process. Although glycine provides the im- 
mobilized heparinase with an optimum pH closer to the physiological pH 
(this is the pH for the ex vivo testing of the heparinase reactor), lysine is 
suggested to be used as the blocking agent. This is because lysine pro- 
vides a more favorable environment for heparin degradation. 
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the Methods section. No heparin was added during the immobilization process. 
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Recently, immobilized enzymes (or proteins) have been found useful 
in many applications including those for industrial processing, chemical 
purification, therapeutic detoxification, and pharmaceutical and waste 
processing (16). In most cases, the enzyme costs are high and the produc- 
tion of the immobilized samples is on a large scale. Under these circum- 
stances a well-defined procedure which can optimize the immobilization 
efficiency and minimize enzyme waste would be essential. The approach 
discussed in this paper may not only be useful for heparinase but perhaps 
for other enzymes as well. 

Applied Biochernistry and Biotechnology Vol. 16, 1987 



Immobilized Heparinase 143 

ACKNOWLEDGMENT 

We thank Charles L. Cooney and Lisa Norton of Massachusetts Insti- 
tute of Technology for generously providing the Flavobacterial cells, and 
Mohinder Randhawa for technical assistance. The work was supported 
by grant GM 25810 from the National Institute of Health. 

REFERENCES 

1. Langer, R., Linhardt, R. J., Hoffberg, S., Larsen, A. K., Cooney, C. L., 
Tapper, D., and Klein, M. (1982), Science 217, 261. 

2. Bernstein, H., Yang, V. C., Lund, D., Randawa, M., Harmon, W., and 
Langer, R. (1987), Kidney Int. 32, 452. 

3. Bernstein, H., Yang, V. C., and Langer, R. (1987), Biotechnol. Bioeng. 30, 196. 
4. Bernstein, H., Yang, V. C., and Langer, R. (1987), Biotechnol. Bioeng. 30, 239. 
5. Linhardt, R. J., Cooney, C. L., Tapper, D., Zannetos, C. A., Larsen, A. K., 

and Langer, R. (1984), Appl. Biochem. Biotechnol. 9, 41. 
6. Bradford, M. (1976), Anal. Biochem. 72, 248. 
7. Linker, A. and Hovingh, P. (1972), Methods Enzymol. 28, 902. 
8. Bernstein, H., Yang, V. C., Cooney, C. L., and Langer, R. Methods Enzymol. 

in press. 
9. Wilchek, M. and Kohn, J. (1985), Anal. Biochem. 115, 375. 

10. Galliher, P. M., Conway, L., Linhardt, R. J., Langer, R., and Cooney, C. L. 
(1982), Eur. J. Appl. Microb. 15, 252. 

11. Yang, V. C., Linhardt, R. J., Bernstein, H., Cooney, C. L., and Langer, R. 
(1985), J. Biol. Chem. 260, 1849. 

12. Yang, V. C., Bernstein, H., Cooney, C. L., and Langer, R. Appl. Biochem 
Biotechnol. in press. 

13. March, S., Parikh, I., and Cuatrescass, P. (1974), Anal. Biochem. 60, 149. 
14. Rosenberg, R. (1977), Semin. Hematol. 14, 427. 
15. Goldstein, L. (1980), Methods Enzymol. 64, 398. 
16. Enzyme Engineering 8 (1987), vol. 501, Laskin, A. I., Mosbach, K., Thomas, 

D., and Wingard, L. B., eds., Annals of the New York Academy of Science, 
New York. 

Applied Biochemistry and Biotechnology Vol. 16, 1987 


