Understanding Enzyme Assays for
Lysosomal Storage Disorders
Part I: Synthetic Substrates
Enzymes are catalysts that accelerate essential chemical reactions in the body. Deficient or aberrant enzyme function underlies
a broad group of inherited metabolic disorders, including phenylketonuria (PKU), galactosemia and lysosomal storage disorders
(LSDs) among others. For many of these diseases, symptoms begin in early childhood and organ damage is irreversible unless
promptly addressed. Presymptomatic identification of affected patients though newborn screening is therefore a vital component
of appropriate care for patients with metabolic disorders.
Click Here to Read Part II: How to Measure Product Formation
Click Here to Read Part III: Introduction of X-linked Adrenoleukodystrophy and SEEKER Worklows for Same-Day Referrals
Click Here to Read Part IV: The Influence of Substrate Concentration and Incubation Time

Detection of LSD Enzyme Activity
High throughput testing of multiple LSD enzymes can be performed
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using digital microfluidics (FDA authorized) or tandem mass
spectrometry1 (MS/MS). Both platforms measure LSD enzyme
activity as net product formation per unit time after incubation
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with dried blood spot (DBS) extracts. Figure 1 highlights
the different detection modes for each platform. In the digital
microfluidics (DMF) platform, the enzymatic reactions occur in an
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array of reaction droplets and enzyme activity is measured using a
fluorescence detector. In MS/MS, the enzymatic reaction occurs in a
microtiter well plate, and after performing a number of steps to extract

MS/MS

the product, the mass tag is detected using a mass spectrometer.

Enzyme Activity Measurement Using
Synthetic Substrates
Historically, enzyme activities were measured using natural
substrates with radioactive labels that are attached to the product
after enzymatic cleavage. In newborn screening, seminal work from
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Figure 1. Digital microfluidics (top) detects enzyme activity via
fluorescence while MS/MS (bottom) uses mass tags detected with a
mass spectrometer. This example illustrates the GAA substrate in the
enzymatic reactions and platform detection methods.

Chamoles and coworkers2 demonstrated that activities of hydrated
enzymes can be measured from DBS samples using umbelliferone-linked fluorescent synthetic (“artificial”) substrates. The use of tandem mass spectrometry
for newborn screening was first introduced by Millington and coworkers3 for acylcarnitine profiling. MS/MS was later expanded to LSD enzyme testing by Li et
al.4 with a significant change from metabolite measurements. Unlike MS/MS metabolic profiling, where the extract can be directly interrogated, MS/MS LSD
enzyme activity measurement includes an additional incubation step where the DBS extract is incubated with the substrate to catalyze product formation prior
to measurement by MS/MS.
Both fluorimetric and tandem mass spectrometry assays rely on synthetic substrates. Figure 2 illustrates the chemical structures of the natural substrates
and the chemical reactions performed using synthetic fluorescent or synthetic MS/MS substrates4,5 for 4 LSD enzymes: α-L-iduronidase (IDUA), α-D-glucosidase
(GAA), β-glucocerebrosidase (GBA) and α-D-galactosidase A (GLA). Comparison of the fluorescent and MS/MS substrates do not support previous reports
in which MS/MS substrates are described as “closer in structure to the natural enzyme substrate”6.
Synthetic substrates require precise structural specificity and assay conditions (pH, inhibitors, buffer system and other reaction components) in order to
accurately mimic the native in vivo environment. The MS/MS chemical reactions for each of the 4 enzymes shown in Figure 2 are all run at the same pH
(4.7) as part of a 6-plex LSD panel7, while the DMF reactions are each run at different, individually optimized pH as part of a single 4 analyte reaction8. Digital
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microfluidic fluorimetric enzyme assays use spatially discrete reaction droplets to simultaneously measure multiple enzyme assays in a single run. The DMF
assay configuration supports high throughput, multi-analyte testing while also providing individually optimized assay conditions similar to the native in vitro
environment of each enzyme. MS/MS enzyme assays, by contrast, must compromise the performance of individual enzymes in order to combine multiple LSD
assays in a single reaction buffer9. Digital microfluidics allows individually optimized reaction conditions for these fluorescent assays.
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Figure 2. Natural substrates for GAA, IDUA, GBA and GLA are compared to both their synthetic fluorescent (left) and synthetic mass
spectrometry (right) substrates. The reaction conditions used for each enzyme with each method are shown above the blue arrows. The
fluorescent substrates are used at optimal pH for each enzyme (GAA = 3.8; IDUA = 3.5; GBA = 5.2; and GLA = 4.6) while mass spectrometry
substrates all share a common pH buffer (pH 4.7).
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