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Abstract

L-asparaginase or ASNase (L-asparagine aminohydrolase, E.C.3.5.1.1) is an enzyme clinically accepted as an antitumor agent to
treat acute lymphoblastic leukemia (ALL) and lymphosarcoma through the depletion of L-asparagine (L-Asn) resulting in
cytotoxicity to leukemic cells. ASNase is also important in the food industry, preventing acrylamide formation in processed
foods. Several quantification techniques have been developed and used for the measurement of the ASNase activity, but standard
pharmaceutical quality control methods were hardly reported, and in general, no official quality control guidelines were defined.
To overcome this lack of information and to demonstrate the advantages and limitations, this work properly compares the
traditional colorimetric methods (Nessler; L-aspartic acid 3-hydroxamate (AHA); and indooxine) and the high-performance
liquid chromatography (HPLC) method. A comparison of the methods using pure ASNase shows that the colorimetric methods
both overestimate (Nessler) and underestimate (AHA and indooxine) the ASNase activity when compared to the values obtained
with HPLC, considered the most precise method as this method monitors both substrate consumption and product formation,
allowing for overall mass-balance. Correlation and critical analysis of each method relative to the HPLC method were carried out,
resulting in a demonstration that it is crucial to select a proper method for the quantification of ASNase activity, allowing
bioequivalence studies and individualized monitoring of different ASNase preparations.
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antitumor agent for acute lymphoblastic leukemia [1] and other
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related forms of cancer, and even recently against pathogenic
bacterial infection [2]. ASNase is also successfully applied in the
food industry for preventing acrylamide formation in processed
foods with high starch content [3]. Considering its pharmaco-
logical and food significance and its diversity of applications [2],
the demand for an efficient, sensitive, and reliable quantification
method to determine ASNase activity has been increasing.

The main reaction of ASNase consists of the hydrolysis of
L-Asn, resulting in the formation of L-aspartic acid (L-Asp)
and ammonia (NH;). The enzymatic activity is quantified by
the measurement of the substrate conversion at the maximum
rate, where one unit of ASNase (U) corresponds to the amount
of enzyme required to convert 1 pmol of L-Asn into 1 pmol of
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L-Asp and 1 pmol NH; per minute at 37 °C [4]. To measure
the extension of the substrate conversion several quantifica-
tion methods have been developed based on the determination
of L-Asp or NH; produced. The methods for determining L-
Asp include high-performance liquid chromatography
(HPLC) [5], direct amino acid quantification by circular di-
chroism (CD) [6], electrophoresis assays [7], and determina-
tion by a colorimetric assay from complexation with hydrox-
ylamine [8]. To measure the amount of NH; produced,
methods typically involve a reaction with colorimetric reac-
tants, such as the Nessler reagent [9] or indophenol [10],
followed by a spectrophotometric determination. Additional
assays include the measurement of alternative substrate deg-
radation, such as indooxine, [4] L-aspartic acid [3-(7-amido-4-
methylcoumarin), [11] nicotinamide adenine dinucleotide
(NADH) [12], and 5-diazo-4-oxo-L-norvaline [13].
Conductometry can also measure the ASNase activity, where
the increase of conductivity corresponds to the simultaneous
production of L-Asp and NH," [14].

Despite the quantity and breadth of ASNase activity quan-
tification methods, only the Chinese Pharmacopoeia have
adopted ASNase monographs [15], and for food applications,
the Food and Drug Administration (FDA) indicates that the
Nessler method can be used with pure ASNase [16]. With a
scarcity of standardized protocols and pharmaceutical quality
control guidelines, the standard protocols for measuring the
activity of ASNase preparations are hardly reported [17]. Lack
of defined guidelines results in wildly varying ASNase activ-
ities reported in the literature, and are thus difficult to compare
effectively within the wide range of ASNase applications.

The most common method for ASNase quantification is
the simple, colorimetric Nessler method. This method consists
of the reaction between Nessler’s reagent (dipotassium
tetraiodomercurate (II)) and the ammonia released during the
conversion of L-Asn into L-Asp, providing a characteristic
yellow reaction mixture that can be quantified by spectropho-
tometry [18]. The Nessler method exhibits good reproducibil-
ity, but requires meticulous care [19], has a high level of de-
tection (LOD >20 U L™, [18] and involves the use of highly
toxic reagents [11]. Nessler’s reagent is not very selective for
ammonia, thus, when used in complex media, such as
fermented broths or food preparations, the presence of con-
taminants, including polymers, esters, salts, surfactants, alco-
hols, amines, and aldehydes, interferes in the quantification,
hindering the estimation of real enzymatic activity [20].
Additionally, reaction temperature, color equilibration time,
and rate of mixing also impact the color development of the
solution, and thus contribute to the variability of the results for
this method [21].

To overcome some of the limitations of the Nessler method
in fermented broth samples or in media with high concentra-
tions of non-ASNase produced ammonia, alternative methods
for the determination of ASNase activity have been proposed
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[22]. One approach based on L-aspartic acid 3-hydroxamate
(AHA), the AHA method, utilizes the determination of
asparto- and glutamo-hydroxamic acids formed by the enzy-
matic conversion of L-Glu and L-Asn, respectively [8].
ASNase converts L-Asn into L-aspartic acid 3-hydroxamate
(AHA) in the presence of hydroxylamine, which is then
reacted with ferric chloride (FeCls) developing a characteristic
red color measurable by spectrophotometry [8]. Another com-
mon technique uses the hydrolysis of AHA (from the men-
tioned reaction above) to liberate hydroxylamine for reaction
with 8-hydroxyquinoline at alkaline pH. This method, the
indooxine method, results in an intensely green-colored,
oxindole dye (indooxine) easily detectable between 705 and
710 nm [4, 23]. The indooxine method has a low detection
limit (>2 x 10> U L"), but has a limited working pH range
due to the hydroxylamine instability above neutrality [23].

With continuing research into increasing sensitivity, ac-
curacy, reproducibility, and the reliability of the existing
protocols, the variability and lack of consistency in results
still plagued these techniques [4, 17]. HPLC-based methods
overcome the drawbacks of colorimetric methods and de-
termine ASNase activity through quantification of L-Asp
and/or L-Asn (depletion) [5, 24]. The method by Nath et
al. [5] determined the ASNase activity by the quantification
of L-Asp produced after incubation of plasma samples with
L-Asn, using an isocratic HPLC fluorescence. The assay
includes the derivatization of enzymatic products with
o-pthaldialdehyde (OPA), followed by separation using
reverse-phase chromatography and detection using fluores-
cence [5]. This method shows excellent reproducibility
(< 10%), accuracy (< 13%), precision (< 13%), and linearity
(correlation coefficients of 0.9992 +0.0007) when com-
pared with colorimetric assays, being internally validated
with the determination of the production of L-Asp or L-
Glu, as well as the depletion of L-Asn and L-Gln [5].

With the variability, weaknesses, and strengths of several
ASNase activity quantification methods and without
“official” standardization by most of the regulatory agen-
cies, our goal was to critically compare the three tradition-
ally applied colorimetric assays (Nessler, AHA, and
indooxine methods) and correlate the ASNase activity with
HPLC-based method results. We sought to gain an impor-
tant analysis of each technique and provide the community
with correlation and correction factors to consider and use
when choosing one technique over another.

Material and methods
Material

L-asparaginase (E.C.3.5.1.1) was purchased from ProSpec-
Tany (ENZ-287, Rehovot, Israel). Standards for HPLC
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L-Asn, L-Asp and L-Asp acid -hydroxamate, o--
phtaldialdehyde (OPA) reagent, Trizma-HCI buffer base,
HPLC grade methanol, trichloroacetic acid (TCA),
mercaptoethanol, sodium tetraborate, and 8-hydroxy
quinoline were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Nessler reagent was provided by Merck with
following composition: potassium hydroxide (> 10—<20%)
and dipotassium tetraiodomercurate (II) (>1-<2%)
(Hohenbrunn, Germany). All other reagents are of analytical
grade and were used as received. Ultrapure water double dis-
tilled, passed through a reserve-osmosis system and further
treated by filtration through a Millipore Milli-Q ion-exchange
system (18 M2 cm) (Bedford, MA, USA), was used.

Quantification of ASNase activity

Aqueous solutions of the ASNase commercial enzyme were
prepared at concentrations of 0.01 to 0.4 mg mL ™' by dilution
in phosphate buffer (20 mM) at pH 7.4. For the determination
of ASNase activity [see Fig. S1 (a) in Electronic
Supplementary Material (ESM)], 50 uL of each diluted
ASNase solution was added to a glass test tube containing
500 pL of Trizma-HCI (50 mM) pH 8.6 buffer, 50 uL of
189 mM L-Asn solution, and 450 pL of deionized water.
After incubation at 37 °C for 10 min in a controlled tempera-
ture bath, the reaction was quenched by the addition of 250 uL
of sulfosalicylic acid solution (4 wt%). The ASNase activity
of each solution was then determined through three different
approaches, one HPLC method and two colorimetric methods
(Nessler and AHA), as detailed in the sections S1.1 to S1.3 in
ESM, respectively. The quantification using indooxine meth-
od was based on a different ASNase hydrolysis protocol, in
which a solution of AHA was used as the substrate, as detailed
in the section S1.4 in ESM. All experiments were carried out
in three independent assays, with the respective blank assays
(using denatured ASNase) to subtract the interferences.

Results and discussion

Comparison of ASNase activity quantification
methods

The enzymatic activity of pure L-asparaginase was mea-
sured by three independent colorimetric methods (Nessler,
AHA, and indooxine) and was compared with the activity
determined by HPLC, which quantifies the activity by
direct determination of L-Asp (Fig. S1 in ESM). The
comparison between all the methods was carried out using
a range of ASNase aqueous solution concentrations (0 to
0.4 mg mL™"), and the corresponding ASNase activities
(U mL™") quantified through each method were correlated
with the ASNase concentration (mg mL ) in Fig. 1 (ex-
perimental details and detailed values are provided in the
ESM section).

As seen in Fig. 1a, each method resulted in a similar trend
between ASNase activity and enzyme concentration, where a
direct linear correlation was observed until a concentration of
0.2 mg mL™', wherein a saturation profile was then observed.
These results suggest that at a high ASNase concentration (>
0.2 mg mL™"), the substrate was fully converted into L-Asp
(189 mM of L-Asn for HPLC, Nessler and AHA methods, and
10 mM of AHA for the indooxine method). This hypothesis
was confirmed by the HPLC analysis, where L-Asn was not
detected in the samples hydrolyzed with high ASNase con-
centration samples (>0.3 mg mL ") (see Fig. S2 in ESM).
Considering this threshold, Fig. 1b presents a method compar-
ison analysis of the range up to 0.2 mg mL™" ASNase. The
linear least-squares regression analysis shows good correla-
tion for all the methods in this concentration, where linearity
was maintained with R* > 0.98 for all methods.

Despite the similarity between the profiles of ASNase ac-
tivity as a function of ASNase concentration and good corre-
lation of each method, the methods result in statistically dif-
ferent enzymatic activities for the same ASNase concentration

Fig. 1 a ASNase activity a b
(UmL ') at 37 °C as a function of 25 18
the concentration of ASNase —_ — 16 -
(mg mL"). b Linear regression 0 20 B i
and respective correlation E E 147
coefficients (R®) within the range 2 B » 2 12 -
0t0 0.2 mg mL ™", determined 2 15 » 2 10 | /,»&ﬁ“ 0.9967
using the following methods: % ] 2 ’
HPLC (e); Nessler (m); indooxine < 40 ® - & 81
(4); and AHA (e). Each value b » > 2 5 Re=0.6027
] ® 1 ©
corresponds to the mean of at % 5 3 s zZ 4
least three independent assays + < g * Q L
standard deviation g 1 2 R? = 0.9837
0 b” T T T T 0 & T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.00 0.05 0.10 0.15 0.20

[ASNase] (mg mL-")

[ASNase] (mg mL")
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(see ESM, Table S1). Roughly, the Nessler method overesti-
mates the ASNase activity, while indooxine and AHA
methods underestimate the enzymatic activity in comparison
with the direct quantification of L-Asp by HPLC. In detail, ata
low ASNase concentration (< 0.1 mg mL "), both HPLC and
Nessler methods result in statistically similar activities, but
above this concentration, Nessler method overestimates the
ASNase activity in comparison with the L-Asp produced.
Both indooxine and AHA methods underestimate the activi-
ties at all concentrations of ASNase studied.

To understand and quantify the differences of the ASNase
activity between the four methods, the linear least-squares
regression of ASNase activity values obtained by each of three
colorimetric methods were plotted against the direct enzymat-
ic activity measured by HPLC (Fig. 2). The linear regression
only considered the experimental values in the range of
ASNase concentrations that exhibit linearity with ASNase ac-
tivity (up to 0.2 mg mL ™).

Linear least-squares regression analysis of each method
indicates the following trend to quantify the ASNase activity
(slope, R%): AHA (0.3352, 0.9932) < indooxine (0.6663,
0.9975) <HPLC (1, 1) <Nessler (1.1682, 0.9965). All
methods showed strong positive correlations (R?>0.95).
The slopes of the linear regressions confirm that the Nessler
method overestimated the ASNase activity in approximately
17% higher than HPLC, while if determined through the
indooxine or AHA protocols, the enzymatic activity values
are, approximately, 33 and 67% lower than the values obtain-
ed through the determination of L-Asp by HPLC, respectively.
Considering that the direct quantification of L-Asp by HPLC
provides the most accurate value of ASNase activity (it mea-
sures the product directly), it is quite evident that of the col-
orimetric methods compared, the Nessler method provides the
most accurate, followed by the indooxine method. The AHA
method exhibits the lowest accuracy, since it quantifies

18
y =1.1682x

—~ 161 R? = 0.9965
a i =x
= 14 %:1
2 124
>
£ 10+ y = 0.6663x
£ &l R? = 0.9975
<
o 6
@ y = 0.3352x
% 44 R?=0.9932
< 24

0

0 2 4 6 8 10 12 14
ASNase Activity by HPLC (U mL™)

Fig. 2 ASNase activity (U mL ") ratio of colorimetric methods activity,
Nessler (m), indooxine (), and AHA (@) to HPLC quantification (e). The
lines correspond to linear regression analysis based on the method of least
squares of each method, according to the corresponding equations and R
values. Each value corresponds to the mean of at least three independent
assays =+ standard deviation
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approximately threefold less enzymatic activity than the direct
method. The ASNase activity is based on the measurement of
substrate turnover at the maximum rate [4]. Thus, both Nessler
and AHA method can be directly compared with HPLC, since
189 mM L-Asn was hydrolyzed by ASNase following the
same reaction protocol; however, a more careful comparison
with the indooxine method should be performed because this
method uses a different type and concentration of substrate
(10 mM of AHA), which can lead to a change in the substrate
hydrolysis rate.

The Nessler method exhibited the lowest deviation from
the HPLC method in measured activities, yet at concentrations
greater than 0.1 mg mL™", it overestimates the enzymatic ac-
tivity. Lanvers et al. [4] previously compared the Nessler and
indooxine methods and found a similar overestimation profile
for the Nessler method. The Nessler method quantifies the
enzymatic activity indirectly by metal complexation of ammo-
nia to form a colored-complex and compares its production
with a product standard curve [(NH4),SO,4 stock solution].
While considered an acceptably accurate and inexpensive
method, several disadvantages and experimental parameters
result in overestimation of the enzyme activity [25]. For ex-
ample, the chromogen that results from the Nesslerization
process is time-sensitive and must be carefully controlled to
maintain consistent absorbance measurements [25].
Additionally, when substantial quantities of protein are pres-
ent (particularly at high ASNase content), Nessler’s reagent
can produce flocculent precipitates interfering with the solu-
tion’s absorbance, thus requiring an additional centrifugation
step to avoid interferences [25]. Finally, and as mentioned
previously, the determination of ASNase activity in complex
mixtures also measures residual ammonium ions present, re-
ducing the method’s accuracy and precision if the system is
complex. Evidence of this interference in the Nessler method
was observed when higher ASNase activities were measured
for the crude extract compared to purified ASNase [26-28].

The AHA and indooxine methods underestimate the
ASNase activity in comparison with HPLC. From a practical
point, both methods are quite useful for the determination of
enzymatic activity in complex media (i.e., fermented broths),
particularly mixtures containing residual ammonium content,
since these methods exhibit low interference with ammonium
ions. AHA and indooxine protocols are based on the conver-
sion of different substrates, and thus the underestimation is
method-specific. The AHA method deviation results directly
from the hydroxylaminolysis reaction, which does not occur
at the same rate as that of the asparaginolytic reaction. Thus,
the L-Asp is only quantified after reaction with hydroxyl-
amine by a second reaction using ASNase as a catalyst yield-
ing AHA, which is then complexed with Fe (III) under acidic
conditions to produce the colored species. Then, the AHA
protocol is effectively measuring the enzymatic activity for
two reactions, and since ASNase activity is calculated by time
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of the reaction rate the values returned from this method are
much lower than the other methods. Additionally, ASNase
can use AHA as a substrate potentially resulting in the reverse
catalytic reaction where the product AHA is converted into L-
Asp and hydroxylamine. This back-reaction would reduce the
AHA concentration, effectively decreasing the values of en-
zymatic activity. Although the AHA method underestimates
the catalytic activity and is relatively insensitive, the method is
cheap and simple, [25], which supports its use in certain
ASNase-based processes.

The other colorimetric method studied was the indooxine
method, which is based on the catalytic conversion of AHA to
L-Asp and hydroxylamine by ASNase. This method provides
detection of resulting hydroxylamine through condensation
with 8-hydroxyquinoline and oxidation to indooxine [4]. As
highlighted above, this method returns enzymatic values low-
er than HPLC and Nessler methods and higher than AHA
method. Considering the possible reverse catalytic reaction,
similarly to the AHA method, low activity values are some-
what expected in contrast to the single-step reaction of HPLC
and Nessler methods. Lanvers et al. [4] also measured lower
catalytic activity using the indooxine method than in the
Nessler method with serum samples. In addition to the differ-
ence in the experimental procedures (buffer, pH, and type and
concentration of substrate), the authors noted that the determi-
nation of the calibration curve could also induce differences in
the catalytic responses. Yao et al. [17] have also compared the
theoretical and operational characteristics of indooxine and
Nessler methods and found that the values of enzymatic ac-
tivity provided by the Nessler method were higher than
indooxine method. They demonstrated that the Nessler meth-
od was more sensitive, simpler, and less laborious than
indooxine method [17].

In summary, all the methods have good linearity and pre-
cision, which make them useful for the determination of
ASNase catalytic behavior. Naturally, each method comes
with its advantages and disadvantages (some are more sensi-
tive, while others are more simple and economical).
Depending on the ASNase source (serum, fermented broth,
commercial buffer solution, etc.), each researcher should
make their own choice when deciding on the appropriate
and adequate method for measuring their catalytic activities.

Finally, this work is also intended to provide a set of cor-
rection factors or deviations between each of the colorimetric
methods and the HPLC method, allowing a quick and easy
adjustment for accurate ASNase activities. Due to the high
number of ASNase enzymatic protocols, we have specifically
focused on the protocols used with ASNase obtained through
microbial sources, rather than attempt to correlate all available
ASNase sources across the literature. We have compared sev-
eral published values of ASNase activity and shown their
adjustment using the correlations determined (Table S3 in
ESM). The table combines the previously reported ASNase

activity values and the corresponding HPLC estimated values
(which correspond to an estimation of would be obtained
through the HPLC method, as: Nessler: y =x*1.1682; AHA:
y=x%0.6663; indooxine: y =x%0.3352). Nessler and AHA
methods are mainly used to quantify ASNase from the
fermented broth by a microorganism, while the indooxine
method is exclusively used for ASNase serum determination.
Methods that use different substrates for the quantification of
ASNase, such as AHA and indooxine, suffer less interference
from the NHj; present in the medium, since it does not quantify
this molecule. However, the Nessler method is highly influ-
enced by the fermented medium, since after the microorgan-
ism growth, the release of NH; occurs as a by-product of the
metabolism of the nitrogen sources. Large amounts of NHjy
affect the color development of Nessler reagent, leading to a
turbid solution [22]. After normalization, by previous equa-
tions (Fig. 2 and Table S3 footnote), some discrepant values
became closer, but this condition does not apply to all values
reported. For example, the value obtained by the AHA method
[29] became greater than one obtained by Nessler method
[26], such as, 7.1 U mL™' by AHA and 20.9 U mL™' by
Nessler, when their activities are estimated these values be-
come 21.2 and 17.9 U mL ™", respectively.

Conclusions

We compared three commonly used colorimetric methods for
the determination of ASNase activity to an HPLC method.
While several comparisons of these methods have been pre-
sented, here, we present for the first time a set of normalization
factors for each method to provide more accurate results of the
enzymatic activity and a protocol of comparing data between
methods. The standardization of ASNase quantification by a
simple, reliable, rapid, and robust method is a very advanta-
geous tool to overcome the disadvantages in the great dispar-
ity of methods that exist to determine enzymatic activity in the
literature. Additionally, adoption of these factors allows for
the interpreting, converting, and comparison of results obtain-
ed from other methods. Furthermore, comparing all colorimet-
ric methodologies evaluated in our work, the Nessler method
is a simple methodology, with relatively inexpensive reagents
and less time to analyze the results. Thus, we have tried to
reinforce the importance of the standardization of enzymatic
methodologies, proposing a correlation that provides a statis-
tically significant comparison between the activity values ob-
tained from three well-used methods (Nessler, AHA, and
indooxine) and the direct measurement by HPLC, which we
considered the most accurate measurement. It is evident that
the fully understanding of the differences among the enzymat-
ic methods and their limitations becomes extremely important
within this context. Although HPLC is the most accurate,
considering that the Nessler method has the shortest execution
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time, the cheapest, and operationally easy, we believe that it
will continue to be the most applied. Besides that, it is worth
mentioning this method is more suitable, as recognized by the
FDA, for pure ASNase formulations; if the purpose is to mea-
sure the ASNase activity in a more complex media, it is rec-
ommended that alternative methods or adequate blanks be
used to decrease the interferences of the method. In order to
properly compare new measurements to previously reported
values, we recommend that the correction factors described
here be considered to all activity values measured utilizing
these colorimetric methods to ensure a comparison between
the most accurate and representative activities of ASNase.
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