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Abstract

The lack of methodological uniformity in enzyme assays has been a long-standing difficulty, a
problem for bench researchers, for the interpretation of clinical diagnostic tests, and an issue for
investigational drug review. lllustrative of the problem, a-L-iduronidase enzyme catalytic activity
is frequently measured with the substrate 4-methylumbelliferyl-a-L-iduronide (4MU-iduronide);
however, final substrate concentrations used in different assays vary greatly, ranging from 25 uM
to 1,425 uM (Kp,»=180 uM) making it difficult to compare results between laboratories. In this
study, a-L-iduronidase was assayed with 15 different substrate concentrations. The resulting
activity levels from the same specimens varied greatly with different substrate concentrations but,
as a group, obeyed the expectations of Michaelis-Menten kinetics. Therefore, for the sake of
improved comparability, it is proposed that a-L-iduronidase enzyme assays should be conducted
either (1) under substrate saturating conditions; or (2) when concentrations are significantly below
substrate saturation, with results standardized by arithmetic adjustment that considers Michaelis-
Menten Kinetics. The approach can be generalized to many other enzyme assays.

Keywords

Hurler syndrome; a-L-iduronidase enzyme assay; Michaelis-Menten Kinetics;
mucopolysaccharidosis; Lineweaver-Burk plot; a-L-iduronidase

1. Introduction

The lack of methodological uniformity in lysosomal enzyme activity assays has been a long-

standing difficulty, a problem for bench researchers, for the interpretation of clinical
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diagnostic tests, and an issue for investigational drug review recently cited by the US Food
and Drug Administration [1]. The peculiarities of different assay systems, the variation in
experimental research goals, and pragmatic factors of reagent characteristics and costs are
resolved for each laboratory in different ways, typically unique to that laboratory and need,;
however, this diversity in approach has created a plethora of assay systems and results that
are not comparable between laboratories. While this need to optimize tests for individual
needs has been a natural evolution, the resulting diversity also presents a barrier to
comparing the conclusions of different laboratories.

As an example, measurement of a-L-iduronidase specific enzyme activity is an essential
parameter for those studying mucopolysaccharidoses (MPS) type I. This enzyme is key in
the catabolism of glycosaminoglycans (GAG) heparan and dermatan sulfate. Deficient
enzyme activity results in lysosomal accumulation of GAG, and in the most severe form, the
clinical phenotype, Hurler syndrome. Since the development of methylumbelliferone
artificial substrate, 4-methylumbelliferyl-a.-L-iduronide (4MU-a-L-iduronide), this has been
used almost uniformly for studies of this condition. It is widely used in research, for clinical
diagnostic testing, as well as in the regulatory evaluation of new therapies.

Specifically, substrate concentrations used in different labs vary greatly, from 25 uM to
1,425 pM [2-15], while the Ky, was found to be approximately 180 uM [16]. While higher
substrate concentrations (10-fold the Ky, are desirable, interference from contaminating
4MU-B-D-glucuronide, and the very high cost of 4MU-a-L-iduronide are limiting factors.
Our review of prior experience (summarized in Table 1) shows that activities reported from
a single lab may vary greatly. A kinetic assay method has been employed in several studies
[9-11]. These studies measured the fluorescence every 10 minutes for 2 hours and
terminated the reaction following a further 4-6 hours. Considering these factors, an a-L-
iduronidase enzyme assay method with low cost, high accuracy and methodological
standardization is desperately needed.

In this study, the a-L-iduronidase enzyme activity was measured at various selected
substrate concentrations. For comparison to the results of other laboratories, a commonly
studied enzyme source, murine liver (from heterozygous idua—/+ mice) was chosen. The
resulting values differ significantly, but fit Michaelis-Menten kinetics well. Therefore, to
obtain accurate and comparable velocity (Vmax) determinations, and to achieve results that
are more universally comparable, it is proposed that a.-L-iduronidase enzyme assays should
be conducted either under substrate saturating conditions or, when substrate concentrations
are significantly below enzyme saturation, the values are adjusted by arithmetic conversion
that recognizes the Michaelis-Menten model of enzyme kinetics.

2. Material and Methods

2.1 Collection of mouse samples

Founder MPS | idua knockout mice were bred in a well-established colony. Breeders (the
kind gift of Dr. Elizabeth Neufeld, UCLA) had been generated by a disruptive insertion of a
selectable neo construct into exon 6 of the 14-exon idua gene, and then bred on to a
C57BL/6 background. Mice were genotyped by PCR and heterozygotes (idua—/+) were
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selected for these studies. All mouse care and handling procedures were in compliance with
the rules of the Institutional Animal Care and Use Committee (IACUC) of the University of
Minnesota. Harvested organs were homogenized using a Brinkman Polytron and
permeabilized with 0.1% Trion X-100. Tissue homogenates were diluted with phosphate
buffered saline (0.01 M, pH 7.4).

2.2 a-L-iduronidase enzyme assay

The activity of a-L-iduronidase was determined by a fluorometric assay using 4-
methylumbelliferyl a-L-iduronide (Glycosynth #44076) as the substrate according to the
established assay condition [17,18]. The 4MU-iduronide substrate was diluted with sodium
formate buffer, 0.4 M, pH 3.5 in the narrow, well-established optimal range of pH [16,18],
and at selected substrate concentrations. Then, 25 pL aliquots of substrate were mixed with
25 L of tissue homogenates. The mixture was incubated at 37 °C for 30 min, and 200 pL
glycine carbonate buffer (pH 10.4) was added to quench the reaction. a-L-iduronidase
catalyzed the cleavage of the non-fluorescent substrate (4MU-iduronide) into a fluorescent
product (4-MU). 4-Methylumbelliferone (4-MU, Sigma #M1381) was used to make the
standard curve. The resulting fluorescence was measured using a Bio-Tek plate reader with
excitation at 355 nm and emission at 460 nm. a-L-iduronidase enzyme activity was
expressed in units (hnmol converted to product per hour) per mg protein as determined with a
Pierce protein assay kit (Fisher # P122662). All reactions were run in triplicate.

2.3 Statistical analysis

For evaluation of differences between samples, the post hoc Tukey test was used for
comparisons between paired samples, and one-way of variance (ANOVA) for comparisons
between three or more samples. For evaluation of the Lineweaver-Burk plot, linear
regression analysis was conducted. The linearity of this plot was determined by an adjusted
R squared value and by the p value. The statistical significance level was set at p<0.05. All
data analysis was conducted with SAS 9.3 (North Carolina, USA).

3. Results and discussion

According to Michaelis-Menten kinetics [19], below substrate saturation, the velocity
increases as substrate concentration increases. To evaluate this in the context of the current
a-L-iduronidase enzyme assay, liver was harvested from a cohort of heterozygous mice
(idua—/+, n=3) and a-L-iduronidase enzyme activity was measured with 15 different final
substrate concentrations (25, 40, 50, 60, 80, 100, 120, 140, 160, 180, 200, 250, 500, 2,000
and 4,000 pM). The resulting mean activity values vary from 0.5+0.02 to 4.1+0.37
nmol/h/mg. Significant differences were found between enzyme assays using different
substrate concentrations. Furthermore, these calculated values obeyed Michaelis-Menten
kinetics (Figure 1). After the substrate concentrations above 2,000 pM, the velocity
plateaued. From the Michaelis-Menten plot, the Vyax is approximately 4.5 nmol/h/mg, and
K is approximately 174.2 uM (V= Vnax/2). This value of K, was similar to that reported
previously (K180 uM) [16,17].
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To confirm these values gave a linear fit on a Lineweaver-Burk plot and to obtain accurate
Vmax and Ky, values [20], liver was harvested from a cohort of heterozygous mice (idua—/+,
n=7) and a-L-iduronidase enzyme activity was measured for 11 different final substrate
concentrations (40, 50, 60, 80, 100, 120, 140, 160, 180, 200 and 250 uM). Significant
differences were again found between enzyme assays with different substrate concentrations
(p<0.0001). A Lineweaver-Burk plot was made by a linear regression analysis, with a slope
of 43.313 (p<0.0001), intercept of 0.226 (p<0.0001) and adjusted R squared value of 0.9829
(Figure 2). Thereby, Ky, and Viax Were determined (K, = 191 UM, Vimax = 4.42 nmol/h/mg).
This value of Ky, is similar to the numbers reported previously [16] (K180 uM).

Importantly, Michaelis-Menten kinetics only applies to initial velocity. Therefore, one
underlying assumption is that substrate concentration is sufficient to remain almost
unchanged during the reaction ([S]*[Sg]). Elsewhere, as substrate is consumed, the velocity
will decrease. To determine the appropriate incubation time, 25 puL plasma from
heterozygous mice (idua—/+) were mixed with 25 pL substrate (final [S] = 180 uM). All
reactions were divided into 5 groups, and one group of reactions was quenched every 10
min. After the fifth group was quenched, the fluorescence was measured (Figure 3). The
resulting curve was linear (R2=0.9953), indicating that the velocity stays stable through 50
min of reaction time.

Based on these observations, it is proposed to standardize the a-L-iduronidase enzyme assay
through two options: (1) conducting the a-L-iduronidase enzyme assay under substrate
saturating conditions to obtain Vg directly; or (2) conducting the a-L-iduronidase enzyme
assay using a final substrate concentration of Ky,. To determine Vs« in this situation, the
resulting values are multiplied by 2, as the Michaelis-Menten equation simplifies to

V= ymelSl — Vo when [S]=K,. Alternatively, other concentrations significantly below

substrate saturation can be used and adjusted accordingly with the Michaelis-Menten

equation: V:Y;“a—jj{ﬁ}- Notably, when using non-saturating substrate concentrations, one must
ensure that the velocity is relatively stable throughout the whole incubation time.
Considering the cost of 4MU-iduronide, the latter option that utilizes lower substrate

concentrations is likely to be selected frequently by researchers and in clinical settings.

This approach of arithmetic adjustment to standardize enzyme assays is broadly applicable
to well-behaved bi-molecular enzyme assays that adhere to Michaelis-Menten kinetics.
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Michaelis-Menten
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Figure 1. Michaelis-Menten analysis of a-L-iduronidase enzyme activity in liver from normal
heterozygous mice (idua—/+)
Each point is the mean of 3 mice. The line indicates the approximate plateau that defines

Vmax-
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Figure 2. Lineweaver-Burk analysis of a-L-iduronidase enzyme activity in liver from normal

heterozygous mice (idua—/+)

Each point is the mean value from 7 mice.
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Figure 3. a-L-iduronidase enzyme assay with a final substrate concentration of 180 pM is linear
through 50 min
Five groups of reactions were quenched at different time points (10, 20, 30, 40, and 50 min),

and the fluorescence was measured.
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