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a b s t r a c t
We report on the development of a sensitive real-time assay for monitoring the activity of L-asparaginase
that hydrolyzes L-asparagine to L-aspartate and ammonia. In this method, L-aspartate is oxidized by Laspartate oxidase to iminoaspartate and hydrogen peroxide (H2O2), and in the detection step horseradish
peroxidase uses H2O2 to convert the colorless, nonﬂuorescent reagent Amplex Red to the red-colored and
highly ﬂuorescent product resoruﬁn. The assay was validated in both the absorbance and the ﬂuorescence modes. We show that, due to its high sensitivity and substrate selectivity, this assay can be used
to measure enzymatic activity in human serum containing L-asparaginase.
Ó 2013 Elsevier Inc. All rights reserved.

The enzyme L-asparaginase (EC 3.5.1.1, L-asparagine amidohydrolase, L-ASNase),1 which predominantly occurs in microorganisms
and plants, catalyzes the hydrolysis of L-asparagine (L-Asn) to
L-aspartic acid (L-Asp) and ammonia [1,2]. Escherichia coli L-ASNase
has been used extensively as a therapeutic enzyme in the frontline
treatment of lymphoblastic malignancies, such as acute lymphoblastic leukemia (ALL) and non-Hodgkin lymphoma [3,4], since the 1960s.
In light of the signiﬁcance of L-ASNase as a therapeutic protein, various
methods have been developed for measuring the enzyme’s activity.
Those assays can be used in either absorbance mode [5–10] or ﬂuorescence mode [11,12]. However, these assays suffer from certain disadvantages that are primarily related to the use of substrate analogs
instead of the natural substrate L-Asn [6,7,11,12]. Such assays are
not suitable for in vitro evolution of L-asparaginases that aims to select
variants showing improved catalytic efﬁciency and selectivity for the
physiological substrate. Moreover, the limited sensitivity of absorption-based spectrophotometric assays [5–7,9,10] is a major handicap
to signiﬁcantly reducing reaction volumes. A noteworthy example of
such a case is droplet-based microﬂuidics, which has emerged as a
powerful tool for high-throughput screening in directed protein evolution [13,14]. In these experimental setups, the assay volume is minimized to 1 nl, to 1 ﬂ, scaling down light path lengths to 1 lm.
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Here, we report on the development of a novel L-ASNase assay
that can be used in either the ﬂuorescence or absorbance mode
and relies solely on the use of the physiological substrate L-Asn.
In this three-step coupled enzyme system (Fig. 1), L-Asp, which is
one of the two products of the L-ASNase reaction, is oxidized by
L-aspartate oxidase (L-AspOx), resulting in the formation of iminoaspartate and hydrogen peroxide (H2O2); the latter product is used
by horseradish peroxidase (HRP) to oxidize the nonﬂuorescent
compound Amplex Red (AR) to resoruﬁn, which exhibits excellent
ﬂuorescence as well as absorbance properties.
For establishing and quantitatively evaluating the assay, we
cloned and recombinantly produced E. coli L-AspOx [15] (see
Fig. S1 in online supplementary material) and periplasmic mature
E. coli L-ASNase [16] (Fig. S2), which is the current approved antineoplastic enzyme drug for ALL treatment. The assay was optimized in
both the absorbance and ﬂuorescence modes using, for our measurements, a Uvikon 943 double beam UV/VIS (ultraviolet/visible)
spectrophotometer and a Jasco FP 8300 spectroﬂuorometer, respectively. One of the most important criteria to be fulﬁlled in assays
relying on a coupled enzyme system like the one described here is
that activity of the auxiliary enzymes always exceeds the enzyme
under study. We veriﬁed that the rate-determining step of absorption or ﬂuorescence changes in our system was indeed the initial
L-ASNase reaction by varying the concentration of L-ASNase. In this
context, it is worth underlining that the three enzymes that form this
reaction system are characterized by large differences in their kinetic constants, notably in their turnover numbers, with L-AspOx
being the least efﬁcient one (steady-state kinetics of L-AspOx is
shown in Fig. S3 of the supplementary material) (respective Km
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Fig.1. Schematic representation of the AR-dependent L-ASNase coupled-enzyme assay.

and kcat values: 20 lM and 12 s 1 for E. coli L-ASNase; 1.5 mM and
0.5 s 1 for E. coli L-AspOx; 0.1 mM and 560 s 1 for HRP) [17,18].
For standardizing the assay in the ﬂuorescence mode, the ﬁnal reaction mixture contained 3.5 lM L-AspOx, 10 lM ﬂavin adenine dinucleotide (FAD), 100 nM HRP, 50 lM AR, 4.6 nM L-ASNase (16 ng/0.1 ml),
and different amounts of L-Asn in a ﬁnal volume of 100 ll using phosphate-buffered saline (PBS) as buffer. Samples were incubated in dark
Eppendorf tubes at room temperature. Fluorescence signals were recorded (excitation at 568 nm, emission at 584 nm, bandwidths at
2.5 nm each) and ultimately corrected by subtracting the control values (no L-Asn) from all samples. Aiming at the optimization of the assay
in the ﬂuorescence mode, two critical parameters were further investigated: the concentration of AR in the reaction mixture and the incubation time before recording ﬂuorescence signals. The nonﬂuorescent
AR reacts with H2O2 in a stoichiometric 1:1 ratio, catalyzed by HRP, to
form the highly ﬂuorescent product resoruﬁn [19,20]. However, as has
been shown by others [20], at excess levels of H2O2 resoruﬁn can be further oxidized to the nonﬂuorescent compound resazurin. Therefore,
the concentration of AR should be kept at least ﬁve times higher than
that of H2O2. We tested ﬁve different AR concentrations in the range
of 10 to 60 lM using 1 lM L-Asn. Fig. S4 of the supplementary material
shows that signals obtained under these conditions are similar and
reproducible. In subsequent experiments, we kept AR constant at
50 lM. We realized that the incubation time prior to activity measurements can be a critical variable that must be optimized in these ﬂuorescent assays. As shown in Fig. S5, ﬂuorescence increases linearly during
the ﬁrst 20 min and then saturates and remains stable for up to 60 min
after incubation. However, the best signal-to-noise ratio (factor of 25)
was obtained after 30 min of incubation. Therefore, in all reactions, we
incubated the mixture for 30 min at room temperature before monitoring ﬂuorescence. Alternatively, the reaction can be monitored in a
continuous manner for direct kinetic measurements if necessary
(Fig. S6). As Fig. 2A shows, the ﬂuorescence signals increase proportionally with the L-ASNase concentration in the range of 0.1 to 4.6 nM (0.4–
16 ng/0.1 ml). In subsequent kinetic experiments, we used 16 ng of
L-ASNase in 0.1-ml reaction mixtures. Importantly, this proportionality
also holds in the case of L-ASNase-supplemented human serum samples; therefore, this assay can be used in clinical analyses of L-ASNase
activity (Fig. S7). The limit of detection (LOD) of this ﬂuorescent assay
was determined to be 100 nM L-Asn based on the standard deviation
(r) of the blank samples and the slope (m) of the calibration curve,
according to the following equation: LOD = (3  r)/m. Moreover, this
concentration could be reliably traced with high reproducibility (Z’ factor 0.77; see supplementary material). Fig. 2B demonstrates the linearity of the assay in the concentration range of 0.1 to 10 lM L-Asn.

As mentioned above, one of the major advantages of this assay is the
fact that it can be used not only in ﬂuorescence mode but also in absorbance mode due to the favorable absorption properties of the ﬁnal product resoruﬁn showing a maximum at approximately 570 nm with
e = 5.4  104 M 1 cm 1 [21]. Similar to optimized conditions for ﬂuorescence detection, absorbance measurements were performed at
25 °C for a time period of 10 min in a ﬁnal volume of 1 ml of PBS buffer
containing 3.5 lM L-AspOx, 10 lM FAD, 100 nM HRP, and 50 lM AR. To
assess quantitative features and general validity of the new L-ASNase assay, we performed steady-state kinetic analyses to determine characteristic catalytic parameters. First, we determined the level of L-ASNase, up
to which the velocity of the reaction remains linear. Fig. 2C shows that
the response is linear in the AR-dependent assay when using 0.68 to
34 nM (24–1200 ng/ml) L-ASNase. Based on this result, and to meet conditions required for initial rate measurements, 30 ng of enzyme per milliliter (0.85 nM) was used for subsequent kinetic experiments covering
substrate concentrations in the range of 0 to 15 Km. The enzyme followed
Michaelis–Menten kinetics (Fig. 2D). Kinetic constants were calculated
by nonlinear regression, yielding Km = 22 ± 1.2 lM, kcat  12.1 ± 0.5 s 1,
and kcat/Km = 5.5  105 M 1 s 1.
To validate this AR-dependent assay, we compared our data with
kinetic constants reported before by making use of the nicotinamide
adenine dinucleotide (NADH)-dependent assay [9]. Brieﬂy, the produced ammonia serves as substrate for glutamate dehydrogenase
(GDH) that converts a-ketoglutarate to L-glutamic acid (L-Glu) with
simultaneous oxidation of NADH. The disappearance of NADH is reﬂected by a decrease in absorption at 340 nm, with e = 6.22  103 M 1 cm 1 (at pH 7.5). Thus, the oxidation of NADH is directly
proportional to the amount of ammonium generated by L-ASNase
activity. Similar to the L-AspOx-dependent spectrophotometric assay,
reactions were performed at 25 °C in a ﬁnal volume of 1 ml of PBS containing 0.25 mM NADH, 0.25 mM a-ketoglutarate, and 35 nM GDH
from bovine liver. The L-ASNase concentration was 7 nM (250 ng/
ml). Fig. S6 shows the resulting Michaelis–Menten plot. The calculated kinetic constants are 21 ± 1.5 lM for Km, 11.5 ± 0.4 s 1 for kcat,
and 5.4  105 M 1 s 1 for kcat/Km. The values obtained by these two
assays (summarized in Table S1 of the supplementary material) are
in excellent agreement, indicating that the newly developed ﬂuorescence assay is a reliable and more sensitive alternative to the NADHdependent assay, requiring approximately 10-fold less L-ASNase.
In summary, here we reported on the development of a highly sensitive assay for measurement of L-ASNase activity. This L-ASNase assay
comprises three coupled enzymatic reactions. It relies on the use of
L-AspOx in the second reaction step, which generates H2O2 that, in the
presence of HRP, oxidizes the nonﬂuorescent AR agent to the highly
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Fig.2. Characterization and validation of the new AR assay in ﬂuorescence and absorbance modes. (A) Enzyme–concentration response monitored in the ﬂuorescence mode
(1 lM L-Asn). (B) L-ASNase activity at low substrate concentrations, as determined by the three-step coupled enzyme assay in the ﬂuorescence mode. (C) Enzyme–
concentration response monitored in the absorption mode. Velocity is expressed as a function of substrate (3 lM L-Asn) concentration change per minute. (D) Michaelis–
Menten plot of L-ASNase activity. Turnover rates (kobs) were measured at different concentrations of L-Asn applying the newly developed AR-dependent assay in the
absorbance mode. All data points are the means ± standard deviations of triplicate measurements.

red ﬂuorescent resoruﬁn product. Advantages of this assay are that it is
homogeneous, allowing adjustment of the assay conditions, such as
temperature and buffer composition, according to speciﬁc requirements, and that it can in principle be applied in both the absorbance
and ﬂuorescence modes. Taking advantage of resoruﬁn’s excellent ﬂuorescence and absorption properties, we showed that this assay can reliably be used to detect low amounts of L-Asn and monitor low levels of LASNase activity not only when puriﬁed enzyme is used but also when its
activity is to be determined in human serum. Notably, the enzyme can
be kinetically characterized using its natural substrate and requiring
10-fold less protein compared with other widely used assays.
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