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ABSTRACT: The xanthine oxidase catalyzed oxidations of a
series of aliphatic aldehydes and 2- and 4-pyridinecarboxalde-
hydes were studied in phosphate buffers by monitoring the
reduction of ferricytochrome ¢ at 25.0° In agqueous solutions,
these aldehydes exist in equilibrium with their hydrated forms.
In order to clearly establish the relationship between the
acid-base-catalyzed hydration of the aldehydes and the
enzymatically catalyzed oxidation of the aldehyde-hydrate
system, detailed kinetic analyses of both processes were
carried out separately. Enzymatic catalysis was studied as a
function of pH and of acetaldehyde concentration, and the
catalytic components associated with the acid-base-catalyzed

Xanthine oxidase is a very versatile enzyme with the ca-
pacity to catalyze the oxidation of many purine derivatives
and aldehydes by a variety of electron acceptors (Booth, 1938;
Bergmann and Dikstein, 1956; Bergmann et al., 1959, 1960a,b;
Bray, 1963; Muraoka er a/., 1967; Fridovich, 1970). As might
be expected for an enzyme of such low-substrate specificity
many inhibitors of this enzyme exist (Coombs, 1927; Doisy
et al.,, 1955, Wyngaarden, 1957; Bergmann er al., 1960a,b;
Gilbert, 1964; Massey et al., 1970). Xanthine oxidase is sus-
ceptible to substrate inhibition (Hofstee, 1955), the severity
of which varies with the nature of the electron acceptor
(Dixon and Thurlow, 1924; Fridovich and Handler, 1958;
Mazur er al., 1958).

For the enzymatically catalyzed oxidation of aldehydes by
xanthine oxidase and related enzymes, the true nature of the
substrate (aldehyde vs. conjugate hydrate) is in question
(Dietrich er al., 1962; Dixon and Webb, 1964; Fridovich,
1966). On the basis of qualitative kinetic studies, Fridovich
(1966) has suggested that the unhydrated aldehyde is the pref-
erential substrate. However, because of the complexity of
the aldehyde-hydrate-enzyme system, a more detailed ki-
netic analysis is needed to determine the functions of the
aldehyde and the hydrate with respect to the enzymatic
process.

In the present work, the enzymatically catalyzed oxidation
of acetaldehyde was studied as a function of pH and aldehyde
concentration. A kinetic analysis was also carried out on the
acid-base-catalyzed hydration of acetaldehyde. Experimental
conditions were then chosen so that the influence of the hy-
dration equilibration on the rate of the enzymatically cata-
lyzed oxidation of the aldehyde-hydrate system could clearly
be demonstrated. Similar studies studies were carried out on
propionaldehyde, n-butyraldehyde, and 2- and 4-pyridine-
carboxaldehyde.
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hydration of acetaldehyde in phosphate buffers were
evaluated. These data, tuken together, show not only that the
unhydrated aldehyde is the substrate for xanthine oxidase
action but also suggest that substantial enzymatic inhibition
arises from the formation of the hydrate. The involvement of
the unhydrated aldehyde as the preferential substrate is
common for the aldehydes studied and in the evaluation of
their respective Michaelis constants, K, : acetaldehyde, 0.0058
M; propionaldehyde, 0.014 M; n-butyraldehyde, 0.048 wMm;
2-pyridinecarboxaldehyde, 0.0061 M; and 4-pyridinecarbox-
aldehyde, 0.002 M; correction was made to compensate for
respective fractions of hydration.

Experimental Section

The commercially available aldehydes were distilled under
dry nitrogen gas directly before use. The aliphatic aldehydes
were fractionated through a Heli-Pak column and the
pyridinecarboxaldehyes distilled under reduced pressure:
bp 60-61° (12 mm) (2-pyridinecarboxaldehyde) and 76-77°
(12 mm) (4-pyridinecarboxaldehyde). Phosphate buffer solu-
tions were prepared from the commercially available com-
pounds, in analytical or reagent grade by dissolving accurately
weighed KH:PO, and K,HPO; in deionized water to the
desired concentrations. Appropriate amounts of sodium
chloride were incorporated to adjust the ionic strength to
¢ = 0.1 M. Cytochrome ¢ was purchased from Sigma Chem-
ical Corp., Sigma type VI. Beef liver catalase was a product
of Worthington Biochemical Corp.

Xanthine oxidase (prepared and purified from milk) was
obtained as a product of Worthington Biochemical Corp.
and was further purified in this laboratory using a method
similar to that employed by Rajagopalan and Handler (1964).
Parallel studies were also carried out with xanthine oxidase
samples prepared in this laboratory from fresh cream (J.
E. Meany and R. F. Tienhaara, 1970, unpublished results)
using a procedure similar to that employed by Horecker and
Heppel (1955). Although consistent results were observed
from each of the various preparations, each family of exper-
iments involved only a single preparation. Each batch of
enzyme was assayed spectrophotometrically by following
the formation of urate from hypoxanthine at 290 nm at 25.0°
in 0.05 M phosphate buffer (pH 7.5). The assay of protein was
performed colorimetrically with Folin Ciocalteau reagent
using the method of Lowry er al. (1951). The specific activity
of the commercial enzyme after purification was 3 units/mg.
Unless otherwise specified, 0.25 unit/ml were used in the
kinetic runs.

Kinetic studies were carried out on & Beckman Kintrac
VII recording spectrophotometer equipped with a Beckman
Thermocirculator accessory. Colorimetric protein assays
were carried out on a Hitachi Perkin-Elmer Model 139
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TABLE 1: Catalysis of the Hydration of Acetaldehyde by the
Acidic and Basic Components of Phosphate Buffers, u =
0.1m.%

TABLE I1: Results for Lineweaver-Burk Plots for the Enzymatic
Oxidation for Acetaldehyde in 0.001 M Phosphate Buffers,
Ionic Strength 0.1 Mat 25.0°.

Catalyst k230% ® K%Y ¢
H.,PO,~ 95 16.0
HPO,2*~ 183 35.9
OH- 22 X 105 6.8 X 105
H,0° 0.38/55.5 0.094/55.5

® Rate coefficients, having the units M—! min~!, are actually
a sum of rate coefficients for the forward, k.f, and reverse,
k., processes: ke = k! + k. ® Present work. ¢ Pocker and
Meany (1967). ¢ It is assumed that ky,0 = ko/55.5.

spectrophotometer. The pH values of all buffer solutions were
determined before and after the kinetic runs using a Beck-
man Century SS expanded-scale pH meter.

The hydrations of the various aldehydes were monitored
and kinetically analyzed as described in earlier work (Pocker
and Meany, 1967; Pocker et al., 1967; Pocker and Dickerson,
1969). The rate of the enzymatically catalyzed oxidations of
the aldehydes was monitored at 550 nm by the increase in
optical density caused by production of the reduced form of
cytochrome c. After complete mixing of all reacting species,
the initial slopes of the traces produced were used to evaluate
reaction velocities which are reported in terms of micromoles
of cytochrome ¢ per liter reduced per minute:! vy = slope/
1.96 X 1072 Because such low aldehyde concentrations
were required in these experiments, it was found convenient
to employ stock solutions of the substrates prepared in pre-
viously distilled anhydrous dimethoxyethane. Approximately
10 ug/ml of catalase was incorporated into the reaction mix-
tures to destroy any hydrogen peroxide formed as the alde-
hydic oxidations progressed. It was found that neither the
presence of the small quantities of dimethoxyethane nor the
catalase altered the rates of enzymatic oxidations. Further-
more, the presence of cytochrome ¢, xanthine oxidase or
catalase did not effect the rate of hydration of acetaldehyde.

Results and Discussion

Acid-Base-Catalyzed Hydration of Acetaldehyde. Although
the acid-base-catalyzed hydration of acetaldehyde has been
rather extensively investigated at 0.0° (Bell, 1966; Pocker
and Meany, 1967), a quantitative kinetic analysis at higher
temperatures has not been reported. The observed pseudo-
first-order rate coefficients for the acid-base-catalyzed hydra-
tions of aldehydes in phosphate buffers in aqueous medium
may be expressed as a sum of catalytic terms

knya = ko + kn,o+(H:O) + kon-(OH™) +
ku.po,-(H:POs™) + kmpos-(HPO,#) (1)

Systematic kinetic analysis involving determination of Aynyq
as a function of the concentration of the buffer components

1 The difference in extinction coefficients between ferricytochrome ¢
and ferrocytochrome ¢ at 550 nm is taken to be 1,96 X 10~21, umole~!
cm~! (Horecker and Heppel, 1955).

pH 6.75 7.00 7.75
Vin 8.6 11 7.6
Kt X 102 (M) 1.3 1.3 1.4

at several different buffer ratios, r = (H.PO)/(HPO,2")
was carried out as in earlier work (Pocker and Meany, 1967).
The kinetic parameters as evaluated by this method are listed
in Table I. These results enabled us to regulate the rate of the
hydration of acetaldehyde at 25.0° so that the variation of the
enzymatic oxidation throughout the course of the aldehyde-
hydration equilibration can be clearly illustrated.

Enzyme-Catalyzed Oxidation of Aldehydes. Determina-
tions were carried out using acetaldehyde to determine the
Michaelis-Menten parameters associated with its enzymatic
oxidation. Figure 1A shows the effect of increased aldehyde
concentration upon the initial velocities at pH 7.0 and Figure
1B illustrates the corresponding Lineweaver-Burk plot con-
structed from these data. The dotted line in Figure 1A repre-
sents the curve calculated from the extrapolated values of vo
which would be expected at higher concentrations of aldehyde
if “normal” Michaelis—-Menten kinetics had been obeyed.
Corresponding data were obtained at pH’s 6.75 and 7.75 and
the resulting Michaelis—-Menten parameters appear in Table
II.2

The rate of the enzymatic oxidation was determined at
several values of pH (Figure 2) where the aldehyde concentra-
tion (2.75 X 10=? M) was much lower than the experimental
Michaelis constant. Consequently, the values of vy obtained
are actually a function of the ratio of Vm/Kn. The pH-rate
profile shows points of inflection at pH 6.7 and 7.8, and a
maximum at 7.25. The data in Table II indicate that varia-
tions in V,, are more influential on the profile than those
involving K.,. The accuracy of such determinations, however,
is limited by the existence of substrate inhibition, since re-
ciprocals of ve and aldehyde concentration close to the inter-
cepts cannot be reached experimentally. Bergmann and Dik-
stein (1956) report the pH maximum (8.3) for xanthine oxi-
dase action on purine derivatives but did not separate the
components, K, and V. Fridovich and Handler (1958)
indicate that K., for the enzyme-xanthine-oxygen system is
insensitive to pH changes in phosphate buffers, but increases
with increasing pH in Tris buffers. For propionaldehyde, a
brief study indicated that maximum initial velocities were
attained at ca. pH 7.2, paralleling the results which were ob-
served for the acetaldehyde.

The variation of initial velocities as a function of substrate
concentration for propionaldehyde, n-butyraldehyde, 2-
pyridinecarboxaldehyde, and  4-pyridinecarboxaldehyde
([Og] >~ 0.001 M) are illustrated in Figure 3. “Substrate”

2 Differences in the reported values of K, associated with the aerobic
oxidation of acetaldehyde by xanthine oxidase in the presence of cyto-
chrome ¢ may be attributed to variations in enzyme purity (Bray, 1959),
the presence of myoglobin, a common contaminant of cytochrome ¢
(Fridovich, 1962), difference in the oxygen content in the reaction
medium arising from variations in atmospheric conditions as well as
other differences in experimental conditions, for example, temperature,
buffer concentration, ionic strength, etc,
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FIGURE 1: (A) Initial velccity of acetaldehyde oxidation as a func-
tion of aldehyde concentration. Dotted line represents the curve
which would be obtained for a process involving a ‘“‘normal”
Michaelis—-Menten mechanism. Data obtained at 25°, pH 7.00
using 0.002 M phosphate buffer, 4 = 0.01 M. (B) Lineweaver-Burk
plot of the data used in part A.
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FIGURE 2: The rate of the enzymatic oxidation of acetaldehyde is a
function of pH in 0.002 M phosphate buffers at . = 0.1 M.

4474 1972

BIOCHEMISTRY, VOL. 11, No. 24,

GREGORY, GOODMAN, AND MEANY

CH3CHO
3|
[
o2 CH3 CHy CHO
1
CH CHy CH CHO
0 ! 1 ! I
0.05 0.10 0,15 0.20
[ wie]
sk
4-PA
41—
o 3+
b
2b
/
/
|
1 /rﬂ.\ﬂ\
ok}

0,305 0,010 0.015 0.020

TPAT )

FIGURE 3: Initial velocities of aldehydic oxidations as a function of
aldehyde concentration. Data obtained at pH 7.00 in 0.002 M
phosphate buffer, v = 0.1 m.

inhibition was noted in the case of all xanthine oxidase cata-
lyzed aldehydic oxidations. Thus, it was never possible to
experimentally reach the calculated values of V., (Figures 1
and 3) obtained through extrapolations of the Lineweaver-
Burk plots. For acetaldehyde, propionaldehyde, n-butyr-
aldehyde, and 4-pyridinecarboxaldehyde, Vm is 2.5 = 0.3
times as large as that experimentally obtained before “sub-
strate’” inhibition becomes dominant. In the case of 2-pyr-
idinecarboxaldehyde, however, the ratio Vpceled:pexr =
ca. 3.6 is considerably larger. The relatively high degree of
inhibition by 2-pyridinecarboxaldehyde may be related to
the ability of this aldehyde to chelate to certain metal ions
(Pocker and Meany, 1968).

No enzymatic activity was observed for the oxidation of
isobutyraldehyde in the concentration range 6.31 X 1073 to
2.5 X 107! m. It was also found that the rate of enzymatic
oxidation of acetaldehyde was unaffected by the presence of
isobutyraldehyde (2.5 X 1072t0 2.5 X 10~ ™).

The Michaelis parameters were deduced for the various
aldehydes from Lineweaver-Burk plots using the data in
Figure 3. It should be noted that the values of both parameters
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FIGURE 4: Comparison of rate cytochrome ¢ reduction of equilibrated and nonequilibrated aldehydic solution. Each solution contains 5.4 X
1072 M (total concentration) acetaldehyde, 3 X 1073 M cytochrome ¢, and 0.25 unit of xanthine oxidase/ml. (A) Upper curve: cytochrome c re-
duction initiated by addition of anhydrous acetaldehyde. Lower curve: cytochrome ¢ reduction initiated by addition of xanthine oxi-
dase to the preequilibrated aldehyde-hydrate system. (B) A trace of the same run as represented in Figure 4A but where the linear por-
tion reached upon hydration equilibration has been extrapolated back to the kinetic zero.

are dependent upon the oxygen concentration® and further-
more, those associated with the various aldehydes may be
influenced to different extents by alterations in the oxygen
concentration.

Rate of Cytochrome ¢ Reduction at Various Stages of Hy-
dration. In order to meaningfully investigate the relationship
between the acid-base-catalyzed sydration and the enzymati-
cally catalyzed oxidation of the aldehyde-hydrate system, it
was necessary to: (i) regulate the pH, phosphate concentra-
tion, and the enzyme concentration so the rates of hydration
and oxidation were in the region where the effect of the change
in aldehyde concentration (due to hydrate formation) on
the enzymatic process could be clearly reflected; (ii) operate
at an aldehyde concentration which is in the first-order region
with respect to the enzymatic process; (iii) to maintain the
pH at a value where maximum enzymatic activity was ob-
served so that slight pH changes would show minimum effect
on the enzymatic rate. The experimental conditions were
chosen on the basis of the data presented earlier (Table I
and Figure 1).

The rate of reduction of cytochrome ¢ was observed under
two sets of experimental conditions. The rate was first mon-
itored in runs which were initiated by adding anhydrous di-
methoxyethane solutions of acetaldehyde as the last com-
ponent to the reaction mixture. Under these conditions, two
processes commenced at the time of mixing: (i) the hydra-
tion of acetaldehyde leading to a first-order decrease in its

3 Horecker and Hepple (1949), noted that the rate of oxidation of
acetaldehyde in the presence of cytochrome ¢ increased by more than
a factor or two when pure oxygen was bubbled into the reaction solu-
tions instead of air, indicating that for this process as carried out under
normal atmospheric conditions, the active enzyme complex is not satu-
rated with oxygen,

concentration with the concomitant formation of its hydrate,
(ii) the oxidation of the acetaldehyde system. A typical ex-
ample of such a run carried out in 0.03 M phosphate buffer
is illustrated by the upper curve in Figure 4A. The lower linear
trace in Figure 4A represents a run using the same aldehyde
and buffer concentrations as before, but where the aldehyde
had first been allowed to fully equilibrate with its hy-
drate prior to the addition of the enzyme. The initial rates
of cytochrome ¢ reduction associated with equilibrated al-
dehyde-hydrate systems were always appreciably lower than
those obtained when anhydrous acetaldehyde was added as
the last component.

It should be noted, that unless experimental conditions are
selected prudently, the interpretation of data such as shown
in Figure 4A is not without ambiguity. If the initial anhydrous
aldehyde concentration is not held below the velocity opti-
mum (0.01 M for acetaldehyde, see Figure 1) then an observed
decrease in rate might be incorrectly interpreted as arising
from a resultant decrease in free aldehyde concentration.
Thus, the range of aldehyde concentrations used in experi-
ments such as illustrated in Figure 4 must be well below 0.01 m.

Figure 4B represents the same kinetic run as does the upper
curve in Figure 4A. Here the linear portion of the curve (re-
flecting a constant rate of cytochrome ¢ reduction once the
hydration equilibrium is established) has been extrapolated
back to zero time. The rate of cytochrome ¢ reduction cal-
culated from the slope of the line obtained (¢ = 1.83 umole1.~*
min~!) is an excellent agreement with that obtained from the
run in Figure 4A from a solution containing the preequili-
brated aldehyde and hydrate (v = 1.86 umoles 1.7! min™!).
The data depicted in Figure 4B indicate that the elapsed
time necessary for constant rate of cytochrome ¢ reduction
is the same as that necessary for the hydration reaction to
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-0.80
TABLE Iv: Determination of kuyq from the Variation in the
k = 2.3 X Slope Enzymatic Oxidation of Acetaldehyde with Hydration
ok 5.3 min =" Equilibration.
pH 7.18 7.20 7.24 7.25
{H.PO,™] (M) 0.010 0.0031 0.0015 0.0029
2 =110 - [HPO,%] (M) 0.020 0.0069 0.0035 0.0071
| knya (min~!) (calculated from 5.43 2.36 1.67 2.47
< Table I)
2 b k (min~?!) (from converging 5.3 2.7*° 16 2.4°
curves such as in Figure 4B)
So ~ S
5 0.92 0.91* 0.92 0.93°
130} 0
* Values based on the average of two runs. ® Values based
on the average of four runs.
~1.40 il ! ! !
0 0.08 0.10 0.15 0.20

TIME {(min.)

FIGURE 5: First-order rate plot of log (4’ — A) (from Figure 4B)
vs. time.

reach equilibrium (0.03 M phosphate buffer, pH 7.18, and
ionic strength 0.1 m). The hydration process is ca. 99 % com-
lete (7 half-lives, see Table I) after about 1 min under these
conditions.

It will further be noted in Figure 4B that the converging
of the lower curve with the upper straight line has the appear-
ance of a first-order approach to equilibrium. This is to be
expected if the variation of the slope of the lower line is the
direct result of the hydration process. Accordingly a plot of
log (4" — A) vs. time, where 4’ and A4 are absorbancies
associated with the upper (from the equilibrated system) and
lower (from the nonequilibrated system) curves, gives a good
fit to a first-order plot up to ca. 2 half-lives (Figure 5). By
treating the data in Figure 4B in this manner, the slope of
the line resulting from the first-order plot X 2.3 gives the
constant, ¥ = 5.3 min~! which is in good agreement with
the first-order rate constant for the hydration process as
calculated from eq 1 using our experimental data in Table I,
from which kyyq = 5.43 min-1,

This same analysis was applied to other runs which were
carried out using different buffer concentrations in which the
hydration equilibration was allowed to compete with the

TABLE 11II: Michaelis Parameters for Xanthine Oxidase Cata-
lyzed Oxidations.

Substrate K ®%P (M) X Kt (M) Vi’
Acetaldehyde 1.3 X102 0.55 5.8 x10°® 11
Propionaldehyde 2.7 X 10-2 0.47° 14 x 10-3 5.4
n-Butyraldehyde 8.1 X 10°2 0.41 48 x 10-3 1.1
2-Pyridinecarbox- 9.6 X 103 0.36° 6.1 x 1072 3.4

aldehyde
4-Pyridinecarbox- 4.2 X 10-% 0.53° 2.0 x 10~% 13
aldehyde

¢In units of umoles of cytochrome ¢ reduced per min per
50 ug of xanthine oxidase. ? Pocker and Dickerson (1969).
¢ Pocker er al. (1967).
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enzymatic oxidation. Typical results are given in Table IV.
Although the reproducibility of such analyses is somewhat
limited due to relatively small differences in 4’ and A4, the
general agreement of the data clearly shows the direcr cor-
respondence between the hydration and enzymatic oxidation
processes. We believe that the data demonstrate unequivo-
cally that the unhydrated aldehyde is the preferential sub-
strate in the enzymatic process. Similar, although less exten-
sive investigations with respect to the other aliphatic alde-
hydes studied resulted in the same conclusion. Since the
Michaelis constants experimentally obtained for these pro-
cesses, Kn®*P, are based on the total concentration of the
aldehyde-hydrate system, they have been corrected by mul-
tiplying by the fraction of the unhydrated aldehyde under the
reaction concentrations: Kn®* = K,°*P(1 — x) (Table III).

One would anticipate that if the aldehyde concentration
is within the range where the reduction of cytochrome c is
first order in aldehyde (Figure 1), that a comparison of the
oxidative rates associated with the equilibrated and nonequil-
ibrated aldehyde-hydrate systems should allow a quantita-
tive measure of the fraction of hydration (provided that such
rate differences are related directly and singularily to the
differences in free aldehyde concentration). If so, the slopes
of the two curves in Figure 4A associated with the equili-
brated, S., and the nonequilibrated, S,, aldehyde-hydrate
systems would allow the calculation of the fraction of hydra-
tion, xapp = 1 — (S«/Ss) = [(So — S)/Sa. When thisapproach
was applied to Figure 4A, the apparent fraction of hydration
calculated has the value, xapp = 0.92, which is much greater
than the actual fraction of hydration, x = 0.55, as directly
determined at 25.0°. This observation was general for all
such comparative runs (Table IV). The large value of xapp
results because of the relatively slow rate of cytochrome ¢
reduction in the equilibrated aldehyde-hydrate system sug-
gesting that the well-known “substrate” inhibition normally
ascribed to this enzymatic process may be largely due to the
hydrated form of the aldehyde.
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Kinetic Studies on Solid-Supported B-Galactosidasef

Peter S. Bunting and Keith J. Laidler*

ABSTRACT: A kinetic investigation was made of the action
of B-galactosidase trapped in a polyacrylamide gel, the sub-
strate being o-nitrophenyl @-D-galactopyranoside (NphGal).
Rate measurements were made over a range of substrate
concentrations, and k. (app) and K., (app) values were deter-
mined. The work was done with disks having thicknesses
ranging from 25 to 1000 u, and at various enzyme concentra-
tions within the gel; under some of the conditions there was
diffusion control, under others (thin slices and low enzyme
concentrations) there was negligible diffusion control. The
results are analyzed with reference to a theoretical treatment

During the past few years there has been considerable
interest in the preparation and properties of solid-supported
enzymes (for reviews, see Silman and Katchalski, 1966, Kay,
1968, Barker and Epton, 1970, Mosbach et al., 1971, Volfin,
1971, Sundaram and Laidler, 1971, and Goldman 1971a).
This work has application to a number of fields, such as
automated analysis (Hornby et al., 1970; Sundaram and
Hornby, 1970) and clinical investigations (Chang, 1971).
More recently, attention has been focussed on the use of
solid-supported enzymes as model systems for the behavior of
enzymes in vivo when they are attached to membrane surfaces
or are embedded in membranes. It has been noted in particular
that many enzymes have an increased apparent activity
when separated from their natural membrane supports (de

t From the Department of Chemistry, University of Ottawa, Ottawa
KIN 6N5, Canada. Received June 6, 1972. This work was supported
by a grant from the National Research Council of Canada,

of Sundaram, Tweedale, and Laidler [(1970), Can. J. Chem.
48, 1498] which makes use of a function F which is related
to the extent of diffusion control. It was found that for the
thicker slices the rate at low substrate concentrations is pro-
portional to the square root of the enzyme concentration,
while for the thinnest slices, where there is little diffusion con-
trol, the rate is proportional to the first power of the enzyme
concentration. These results are predicted by the theory. The
values of F calculated from the experimental results were
found to be in excellent agreement with the theoretical values.

Duve, 1959). Experiments to investigate such aspects have
included some qualitative studies on the rate of consecutive
enzyme reactions when the enzymes are supported (Mosbach
and Mattiasson, 1970; Mattiasson and Mosbach, 1971) and
more quantitative studies on the effect of diffusion on enzyme
systems (van Duijn et al., 1967; Goldman et al., 1968, 1971b).
In addition, a number of theoretical treatments of the
kinetics of solid-supported enzymes have been given (Blum
and Jenden, 1957; O’Sullivan, 1962; van Duijn et al., 1967;
Goldman et al., 1968, 1971b; Sundaram et al., 1970; Goldman
and Katachalski, 1971; Kasche et al., 1971; Kobayashi and
Moo-Young, 1972). The present work was undertaken as a
test of the treatment of Sundaram er al. (1970), who gave
explicit solutions for the rate equations under the limiting con-
ditions of low and high substrate concentrations. In addition
they gave an approximate solution for the general case, and
confirmed its reliabitity by computer calculations. This treat-
ment led to predictions about the conditions under which the
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